4 FIELD INSPECTION AND DATA ANALYSES

This chapter presents the inspection data for 20 bridges that were built between 1997 and 2001.
Section 4.1 presents the list of bridges and the data collection procedure. Data includes crack
orientation, length, and width. In addition, Section 4.2 presents the method for processing the
collected inspection data that will be used in Section 4.3. Section 4.3 includes analysis of the
effect of bridge geometry, and parameters related to design on early-age bridge deck cracking
including skew, span type, year built, ADTT, girder type, and inspected lane-span length.

Finally, Section 4.4 presents the conclusions made on analysis results.

41 FIELD INSPECTION

Twenty existing bridges were randomly selected throughout the state to be included in this task
of inspection. In all cases, the deck was at most of five years of age. The purpose was to
document the extent of early-age deck cracking. This list was then approved by MDOT and is
shown in Table 4-1. All 20 bridges have been inspected.

A sample inspection data sheet is included due to the volume of raw data sheets. Compiled
inspection raw data for all the bridges is given in Appendix B. The inspection data obtained for
Bridge (S04-82062) in the Metro region is shown in Figure 4-1. Cracks are marked on the sheet
as lines. The length and the width are noted along the crack line. Pictures taken of the deck are
marked on the inspection sheet. The picture number is given within brackets with an arrow
showing the direction from which the picture was taken. Some selected pictures of the inspected
bridge deck are shown in Figure 4-2. The bridge carries Scotten over US-12. This deck was

placed in 2000, thus is 3 years old. The inspection data shows that there is significant cracking.
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Table4-1. List of Bridge Decks I nspected

Bridge!D Y% Facility Carried Featuresintersected ADT
S19 of 82023 1997 | 14th St. 1-94 9172
S11 of 82025 1997 | Harper Av. 1-94 9250
SO1 of 82111 1997 | Monroe Av. 1-375 1000
S09 of 82252 1997 | State Fair Av. | I1-75 10960
BO1 of 06071 1998 | M-13 Saganning Creek 6400
B02 of 06071 1998 | M-13 S BR Pine River 6400
S27 of 41064 1998 | M-6 EB M-37 16500
S28 0f 41064 1998 | M-6 WB M-37 14900
S06 of 82025 1999 | Barrett 1-94 1500
S03 of 63022 1999 | South HillRd | 1-96 700
S15 0f 25032 1999 | M-57 I-75 45000
B0O1 of 44012 1999 | M-24 S BR Flint River 16020
B03 of 73031 2000 | M-52 N BR Bad River 14000
S17 of 82112 2000 | Oakman M-10 15170
S04 of 82062 2000 | Scotten US-12 13000
S03 of 82024 2000 | Woodward 1-94 16000
S03 0f 82192 2001 | Fern M-39 7500
S06 of 82192 2001 | Village M-39 4500
B02 of 64012 2001 | US-31 BR N.BR. Pentwater R. 2278
B03 of 64012 2001 | US-31 BR Bass Lake Creek 3500
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Picture 25

Picture 31 LA S ~ Picture 34

Picture 35

Figure 4-2. Selected photostaken during the deck inspection
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4.2 INSPECTION DATA PROCESSING STEPS

From the inspection data sheet, the crack orientation can be categorized into four groups.

—

. Longitudinal cracks: cracks that are predominantly parallel to the traffic direction.

2. Transverse cracks: cracks that are predominantly perpendicular to the traffic direction.
3. Diagonal cracks: cracks that are not transverse or longitudinal cracks.

4. Map cracking: a series of cracks that extend only into the upper surface of the deck.

The crack density of groups 1, 2, and 3 was calculated by dividing the sum of the lengths of the
cracks for each group by the area of the inspected bridge lane-span. The crack density of group
4, map cracking, was calculated by dividing the sum of cracked area by the area of the inspected
bridge lane-span. Table 4-2 summarizes the crack density of each crack group for the 20
inspected bridges and the following controlling parameters: bridge skew, span type, year built,

girder type, the inspected lane-span length, and slab thickness.

In order to study the relationship between the crack density and the controlling factors mentioned
above, the crack density histogram of groups 1, 2, and 3 is calculated first. Figure 4-3, Figure
4-4, and Figure 4-5 show the crack density histogram for longitudinal, transverse, and diagonal

cracks respectively. The map crack density for 14 out of the 20 bridge decks is equal to zero.

In order to have a continuous longitudinal crack density histogram, the last 3 extreme values in
Figure 4-3 (3 bridges) are deleted as shown in Figure 4-6. For the transverse deck cracking
histogram to be continuous, just one bridge is excluded from the analysis as shown in Figure 4-7.

The analysis will consider all the diagonal crack density data, since the histogram is continuous.
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Table 4-2. Deck Crack Density of the I nspected Bridges and Controlling Parameters

Transverse Diagonal

Longitudinal Span Slab
BridgelD crack density cragk cragk length Spantype Girder type thickness
nfing  dendty  density (1) )
(in/in%) (in/in%)
S01 of 82111 1.37E-02 4.84E-03 1.86E-03 0 27.43 Simple Spread Box 8.5 1997 5
S09 of 82252 2.51E-02 2.68E-03 2.79E-03 | 0.11251 | 24.75 | Continuous Steel 9 1997 0
S11 of 82025 1.70E-02 0.00E+00 | 7.98E-03 | 0.002199 39 Simple Steel 8 1997 50
S19 of 82023 |  5.00E-02 4.90E-04 2.79E-04 | 0.059583 | 28.08 Simple Steel 8 1997 0
BO1 of 06071 1.06E-02 0.00E+00 | 0.00E+00 0 25 Continuous* Adj Box 6 1998 0
B02 of 06071 | 1.13E-02 1.19E-03 | 0.00E+00 0 32 Continuous Steel 8 1998 0
S27 of 41064 4.13E-04 0.00E+00 | 0.00E+00 0 131.56 Simple PCI 9 1998 19
S28 of 41064 1.88E-03 4.91E-04 6.84E-04 0 131.56 Simple PCI 9 1998 19
BO1 of 44012 | 6.19E-03 4.92E-03 5.88E-04 0 64.99 Simple Steel 9 1999 0
S03 of 63022 7.99E-03 3.12E-04 | 0.00E+00 0 112.5 Simple Adj Box 6 1999 24
S06 of 82025 5.23E-03 0.00E+00 8.73E-04 | 0.000245 | 30.92 Simple Steel 9 1999 13
S15 of 25032 5.03E-02 2.35E-02 1.43E-02 0 32.81 Simple Adj Box 6 1999 0
B0O3 of 73031 | 3.31E-03 6.66E-03 2.70E-04 0 50 Simple PCI 8 2000 0
S03 of 82024 5.16E-02 4.39E-03 4.22E-03 0 63.67 | Continuous* | Spread Box 9 2000 6
S04 of 82062 |  2.82E-03 4.36E-03 2.13E-03 | 0.000661 | 62.5 | Continuous Steel 8 2000 28
S17 of 82112 1.80E-03 6.47E-03 8.70E-04 0 73.95 | Continuous Steel 9 2000 22
B02 of 64012 | 3.44E-03 8.14E-04 | 0.00E+00 0 49 Simple Spread Box 9 2001 18
BO3 of 64012 8.22E-04 0.00E+00 | 0.00E+00 0 50.98 Simple Adj Box 6 2001 0
S03 of 82192 6.69E-03 0.00E+00 7.27E-05 0 38 Simple Steel 9 2001 0
S06 of 82192 1.66E-03 1.02E-04 | 0.00E+00 | 0.002839 | 29.5 Simple Steel 9 2001 0

* - Simple span with continuous deck
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4.3 BRIDGE GEOMETRY AND DESIGN EFFECT ON DECK CRACKING
4.3.1 Longitudinal Cracksand Controlling Factors

4.3.1.1 Level/

At this level, only one controlling factor is considered each time in the analysis of the
longitudinal crack data. Figure 4-8 through Figure 4-12 show the relationship between the crack
density and each of the following parameters: bridge design type, girder type, bridge skew, slab

thickness, year built, and the inspected lane-span length.
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Figure 4-8. Beam structural type vslongitudinal crack density
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4.3.1.2 Level Il

At this level, two controlling factors are considered in the analysis of the longitudinal cracks.
Figure 4-14 shows that multi-span continuous steel bridge decks crack more than simple span

steel bridge decks. Figure 4-15 shows the relation between the longitudinal crack and the girder

type for simple span bridges.
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4.3.2 Transverseand Diagonal Cracksand Controlling Factors

4.3.2.1 Level /

At this level, only one controlling factor is considered each time in the analysis of the transverse
and diagonal crack data. Figure 4-16 through Figure 4-21 show the relationship between the
crack density and each of the following parameters: bridge design type, girder type, bridge skew,

slab thickness, year built, and the inspected lane-span length.
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Figure 4-16. Beam structural type vs crack density
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Figure4-21. Inspected span length vs crack density

4.3.2.2 Level /l

At this level, two controlling factors are considered in the analysis of the transverse and diagonal
cracks. Figure 4-22 shows that multi-span continuous steel bridges crack more than simple span
steel bridges. Figure 4-23 and Figure 4-24 show the relationship between the longitudinal crack

density and the girder type for simple span bridges and multi span continuous bridges.
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4.3.3 Map Cracksand Controlling Factors

Figure 4-25 through Figure 4-30 shows the relationship between the map crack density and each

of the following parameters: bridge design type, girder type, bridge skew, slab thickness, year

built, and the inspected lane-span length.
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Figure 4-25. Beam structural type vs map crack density
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4.3.4 ADTT Effect on Bridge Deck Cracking

Table 4-3 summarizes the ADTT and the crack density for each group. The ADTT data is
collected from the MDOT 2001 annual report for the bridges located on the main trunk lines.
Figure 4-31 to Figure 4-33 show the relationship between each crack density type and ADTT
including the adjacent box girder bridges.

Table4-3. ADTT and Crack Density Data for the Inspected Bridges

. Longitudinal Transverse Diagonal .
Bridge |D MDOT ADTT Cgr ks Crackes Crgcks Map Cracking
BO1 of 06071 417 0.01061 0.00000 0.00000 0.0
B03 of 73031 385 0.00331 0.00666 0.00027 0.0
S03 of 82024 720 Extreme Value* 0.00439 0.00422 0.0
S15 0f 25032 728 Extreme Value* Extreme Value* 0.01425 0.0
B02 of 06071 789 0.01134 0.00119 0.00000 0.0
BO1 of 44012 852 0.00618 0.00492 0.00059 0.0
B03 of 64012 58 0.00082 0.00000 0.00000 0.0
B02 of 64012 119 0.00343 0.00081 0.00000 0.0

* Extreme values are determined for the histogram (Figure 4-3 and Figure 4-4) and are not included in the analysis
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Figure 4-33. Bridge ADTT vsdiagonal crack density
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4.4 CONCLUSIONS

From the data analysis of the field inspection of 20 bridge decks, the following conclusions are
made:

1. More cracks are observed on the continuous bridges than the simple span bridges.

2. Bridges with PCI girder show minimum longitudinal crack density compared with other
bridge girder types (i.e., steel, adjacent box girder, and spread box girder).

3. No clear relationship is seen between deck crack density and bridge skew, deck
thickness, span length, and ADTT.

4. More transverse and diagonal cracks are observed on bridges with adjacent box girders
than other girder types.

5. Map cracking is observed only on bridges with steel girders.
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5 CONSTRUCTION MONITORING

51 OVERVIEW

Five bridge reconstruction projects involving deck replacements were selected with
consideration to the construction dates. Construction monitoring of five bridges was completed

including one late season deck replacement as shown in Table 5-1.

The data collected during construction monitoring of all bridges is shown in Appendix C.
Ambient temperature and ambient moisture conditions were recorded during concrete placement
at 10-minute intervals using digital and analog indicators. Truck number, production time (batch
time/ the time truck left the plant), truck arrival time, and unloading (start/finish) time were also
recorded. In some cases, according to ticket information, the time at which the truck left the
plant was earlier than the batch time. Finally, starting and finishing times for concrete
placement, finishing, texturing, and curing for the areas within an approximate one-yard width
were monitored and recorded. Cylinder specimens (thirty - 6-in.x12-in. and twenty four — 4-in.x

8-in.) were prepared for laboratory testing. They were tested for strength, elasticity modulus,

Poisson’s ratio, and permeability at different ages. Test results are given in Chapter 6.

Table5-1. List of Bridges Monitored during Deck Placement

Bridae ID Facility = Features Length Width Skew Beam Tvpe
g Carried Intersected (ft) | (ft) (Deg) | yp

S05 0f 82191 | Vreeland Rd.| 1-75 190 45 2 | AASHTOBIII-36 | 08/14/02

S06 of 82194 | 1-75 Fort St. 299 123 5o | Steel 39-in. plate 08/21/02
Girder

$26 0f 50111 | 1-94 Metro PKW 202 126 19 |w27x146 09/16/02

$20 0f 50111 | 1-94 Little Mack 222 135 5p | Steel43-in. plate 09/23/02
Girder
W 36x150

S05 of 82025 | Conner Rd. | 1-94 171 57 1 | woros 11/04/02
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5.2 CONCRETE MIX DESIGN, FRESH CONCRETE PROPERTIES, AND AMBIENT
ENVIRONMENTAL CONDITIONS

The concrete mix designs for all the bridges monitored during deck placement are given in Table
5-2; the mix designs were obtained from the contractor. The fresh concrete properties for each
bridge monitored during deck placement were measured in the field and are shown in Table 5-3.
Ambient temperature and ambient relative humidity were measured periodically throughout the
casting time of the deck placement. Table 5-4 shows the starting and ending temperature and

humidity for each placement with the respective times of casting.

Table5-2. Concrete Mix Designsfor Bridges Monitored during Deck Placement

Cement Water Coarse Fine Water
BridgelD [Typel] (Ibs) Aggregate Aggregate  Air Entrainer Reducer
(Ibs) (Dry) (Dry)
AEA-92" WR-91"
SO05 of 82191| 658 270 1769 1175 (6.6 02) (39.48 02) None
AEA-92" WR-91"
S06 of 82194| 658 270 1769 1175 (8.54 02) (19.70 02) None
1744 1096 | MB MICRO AIR'| MB 997" | MB 200N
S260f 50111 658 | 275 | (5qp) | (sSD) (4.5 02) (52.60 0Z) | (26.3 02)
1744 1096 | MB MICRO AIR'| MB 997" | MB 200N
S200f50111) 658 | 275 | sopy | (sSD) (4.5 02) (52.60 02) | (26.3 02)
AEA-92" WR-91" RET 75
SO05 of 82025 658 272 1648 1220 6.6 07) (39.48 07) | (263 07)

*Micro air entrainer, ASTM C260
" Type D, ASTM C494
""Type F, ASTM C494

Table5-3. Fresh Concrete Properties of Bridges M onitored during Deck Placement

Bridge D Slump Air Content Concrete )
(inches) (%) Temperature (°F)
S05 of 82191 7 7 89
S06 of 82194 5 6.5 78
S26 of 50111 5 7.4 75
S20 of 50111 5 7.2 78
S05 of 82025 4 6.2 68
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Table5-4. Temperature & Relative Humidity over Time of Bridges M onitored during Deck Placement

Casting Time  Temperature (°F) Humidity (%)

Bridge ID Casting Date
Start End Start End Start End
S05 of 82191 8/14/02 21:10 23:57 77 67 65 92
S06 of 82194 8/19/02 -8/20/02 | 21:10 2:20 66 59 66 94
S26 of 50111 9/16/02 - 9/17/02 | 20:45 2:25 62 53 61 100
S20 of 50111 9/23/02 - 9/24/02 | 20:33 4:28 67 56 39 73
S05 of 82025 11/4/02 8:20 16:00 56 55 35 31

5.3 SPECIFICATION REQUIREMENTSAND FIELD OBSERVATIONS

The requirements for the formwork, placement of steel reinforcements, placement of concrete,
finishing of plastic concrete, and curing given in MDOT Section 706 of Standard Specifications

for Construction will be discussed in the following sections.

5.3.1 Formwork

Section 706.03 D of Standard Specifications for Construction describes the formwork

requirements, some of which are:

1. Strong, rigid, and motor-tight forms shall be built for placing, vibrating, and curing the
concrete.

2. The forms are required to build following the exact dimensions and shall be in place until
the concrete has sufficiently hardened to permit their removal.

3. Forms shall be securely braced to prevent movement while placing concrete.

4. The hardened concrete shall not be damaged while removing the forms.

Field observation of the formwork showed no contradiction to the requirements set forth by the

Standard Specifications.

5.3.2 Placement of Sted Reinforcements

Section 706.03 E.4 of Standard Specifications for Construction describes the requirements for
the layout of steel reinforcements. The main parts of the requirements related to the research

projects are:

1. All steel reinforcement shall be accurately placed and firmly held during concrete
placement.

2. When placed in the work, it shall be free from dirt and reasonably free from excessive
rust, loose mill scale, or other foreign material.
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Field observations indicated that the top and bottom reinforcement layers were placed and firmly
held in agreement with the requirements given in the Specifications. All the reinforcements were

free from dirt and other foreign materials; an example is shown in Photo 5-1.
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Photo 5-1. Deck reinforcement of 1-75 over Fort Street

5.3.3 Concrete Placement

Section 706.03 H-1 of the Standard Specifications for Construction describes the requirements

for concrete placement:

1. At the time concrete is placed, the forms, piling, and reinforcing steel shall be clean, and
all sawdust, chips and other debris shall have been removed from the interior of the
forms.

2. Struts, stays, and braces, serving temporarily to hold the forms in correct shape and
alignment, pending the placing of concrete at their location, shall be removed when the
concrete placing has reached an elevation rendering their service unnecessary.

3. The concrete shall be promptly placed with minimum handling to avoid segregation of
the materials and the displacement of the reinforcement.

4. The concrete shall be deposited in the forms in layers of suitable thickness and to as near
final position as possible.

5. For concrete placed by pumping, any water-cement slurry used to lubricate the inside of
the discharge pipe at the beginning of a pour shall be disposed of outside the forms.

6. Superstructure concrete shall not be allowed to freefall more than 6 inches to the top of
reinforcing steel.
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The reinforcements as well as the interior of the formwork were cleaned before placement of
concrete. The concrete crew made an effort to place the concrete uniformly and in its final
position. Shovels were sometimes used to spread concrete from one location to another.
Temporary supports such as struts, stays, and braces were removed after concrete was placed in
its final position. These temporary supports were removed and struck off the concrete surface
with a screed before finishing was carried out using a wooden float. During the five bridge deck
replacement projects, concrete was placed up to the final thickness before the finishing work
commenced. However, it was hard to control the free fall within the required limit of 6 inches.
Most often, free fall was about one foot. In certain instances, free fall was between two and

three feet as seen in Photo 5-2.

Additionally, placement was sometimes interrupted due to delays in concrete delivery to the job
site. The delay sometimes exceeded 30 minutes, documented as the records taken at the job site.
Consequently, the requirements in the Specifications stating that “sufficient vibrators shall be
used to properly compact the incoming concrete within 15 minutes after placing” could not be
satisfied. The practice of the concrete crew was to wait until concrete arrived at the job site
before continuing with vibration and finishing. This left certain portions of the concrete on the
deck without proper compaction and finishing. When the new concrete arrived and was placed

on the deck, the old and the new portions were then compacted together.

Photo 5-2. Concrete placement of 1-94 over Quinn road
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Photo 5-3. Concrete placement of Vreeland over 1-75

5.3.4 Vibration of Fresh Concrete

Section 706.03 H-1 of the Standard Specifications for Construction describes the requirements

for vibration of fresh concrete.

8.

9.

Mechanical, high frequency internal vibrators shall be used to consolidate the concrete
during and immediately after depositing.

When epoxy coated or other coated reinforcement is used, the vibrator head shall be
rubber coated to prevent damage to the coating.

The consolidation of concrete by hand methods will be permitted only where the use of
vibratory equipment is not feasible.

The vibrators shall be of a type approved by the Engineer and shall be capable of visibly
affecting an approved mixture for a distance of at least 18 inches from the vibrator.
Sufficient vibrators shall be used to properly compact the incoming concrete within 15
minutes after placing.

Vibrators shall be manipulated so as to thoroughly work the concrete around the
reinforcement, embedded fixtures, and into the corners and angles of the forms.
Vibration shall be applied at the point of deposit and in the area of freshly deposited
concrete.

The vibration shall be of sufficient duration and intensity to thoroughly compact the
concrete, but shall not be continued so as to cause segregation.

Vibration shall not be continued at any one point to the extent that localized areas of
grout are formed.

The application of vibrators shall be at points uniformly spaced and not farther apart
than twice the radius over which the vibration is visibly effective.

10. Vibrators shall not be held against the forms or reinforcing steel, nor shall they be used

for flowing the concrete or spreading it into place.
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11. Care shall be used not to disturb partially hardened concrete.

Construction monitoring showed that vibrator applications were random rather than following a
distinct pattern as required in the Specifications. In addition, vibrators seemed to be used to
spread concrete into place. In Photo 5-4, the second worker from the left is vibrating the

concrete.

Photo 5-4. Vibration of fresh concrete of Vreeland over |-75

5.3.5 Nighttime Casting of Superstructure Concrete

Section 706.03 I of the Standard Specifications for Construction describes the requirements for

nighttime casting of superstructure concrete.

1. Cast concrete deck slab pours at night with work starting between one hour after sunset
and midnight or as designated by the Engineer.

2. The deck pouring sequence and curing requirements shall be strictly observed as shown
on the plans and outlined in these specifications.

3. If approved by the Engineer, pours shown to be done simultaneously may be done
consecutively that night using adequate retarder in the first pour to prevent initial set
until the second pour is completed.

According to the field observations, no discrepancy was seen between the practice and the

requirements of the Specifications.
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5.3.6 Finishing of Plastic Concrete.

Section 706.03 M of the Standard Specifications for Construction describes the requirements for

finishing of plastic concrete as follows:

Care shall be taken to avoid over-vibration or over-finishing of the completed surface. Water
may be applied to the surface of the concrete as an aid to finishing only by means of an approved
fog sprayer and then only when approved by the Engineer.

Finishing of the concrete surface was in compliance with the Specifications. This observation
also complied with the requirements for machine finishing (shown in Photo 5-5) and hand float
surface finishing given in Section 706.03 M-1 and Section 706.03 M-2 of the Standard

Specifications.

Photo 5-5. Finishing concrete of Vreeland over 1-75

5.3.7 Texturing.

Section 706.03 M-3 of the Standard Specifications for Construction describes the requirements

for texturing deck concrete:

1. The final deck surface shall be grooved as soon as the deck concrete has set sufficiently
to maintain a texture.
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2. The grooves shall be constructed perpendicular to the centerline or shall be skewed, not
to exceed the maximum angle of skew of the bridge.

3. The grooves shall be formed in the plastic concrete while the concrete is in such
condition that the grooves will be formed cleanly without either slumping of the edges or
tearing of the surface. The grooving shall end at a distance of 12 inches to 16 inches from

the edge of the curb or barrier.
4. The deck shall not be grooved within 3 inches to 6 inches of the expansion or contraction

Jjoints or at the end of the slab.

5. The desired surface texture consists of grooves spaced on % inch centers, 1/8 inch wide,
and 1/8 inch deep. Some randomness in spacing is allowed, provided that the spacing
between grooves remains within the range of % inch to 1 inch.

Texturing work was in compliance with the Specifications. Photo 5-6 shows an example of a
worker applying groves into the newly cast deck, and Photo 5-7 depicts a closer view of the

newly formed grooves.

Photo 5-6. Texturing of concrete of 1-75 over Fort Street
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Photo 5-7. Close-up of textured concrete of I-75 over Fort Street

5.3.8 Curing of the Deck Concrete

Section 706.03 N of the Standard Specifications for Construction describes the curing procedure
for concrete bridge decks. It is specified that if the air temperature is below 40 °F, structural
concrete shall be cured according to subsection 706.03.J. If the air temperature is 40 °F or
above, structural concrete shall be cured following certain requirements, all of which are

explained below.
1. Curing shall consist of a two-phase continuous 7-day wet cure procedure.

The curing was applied for 7-days; however, proper precautions were not taken to ensure that it

was a wet-cure operation.

2. Prior to commencement of concreting operations, the Contractor shall demonstrate that
all curing materials and equipment are on-site and in proper operating condition.

Only the curing compound and the sprayer were available on-site. All other materials were

brought to the site the day following the placement.

3. The first phase of the curing procedure shall consist of a spray application of curing
compound meeting the requirements specified in section 903.
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4. Curing compound shall be applied in a single application beginning immediately after
the sheen of bleed water has left the textured concrete surface.

During monitoring of one bridge deck placement, curing compound was applied only after
completing the placement of concrete on the full deck, rather than required by the Specifications.
In another instance, curing compound had not been applied when the project team left the site,

which was after the casting crew completed concrete placement, leveling, and texturing.

5. The curing compound application rate shall not be less than 1 gallon per 150 square feet
of surface.

It was difficult to make a justifiable conclusion in this matter since it was simply assumed that
the construction crew was experienced enough to meet this requirement. Photo 5-8 shows the

application of the curing compound.

6. Application of curing compound shall progress so as not to leave more than 10 feet of
textured concrete surface exposed without curing compound at any time.

This requirement was never satisfied during any of the deck replacement projects.

Photo 5-8. Application of curing compound of 1-94 over Quinn road
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7. The second phase of the curing procedure shall consist of covering the concrete with
clean, contaminate free wet burlap as soon as the curing compound has dried sufficiently
to prevent adhesion, and the concrete surface will support it without deformation, but not
more than two hours after the concrete was cast.

The concrete surface was never covered with burlap until the next day; even then the burlap was

not properly wetted.

8. A minimum of 12 hours prior to commencement of concreting operations, the burlap
shall be continuously soaked in clean water.

9. Prior to its use, the burlap sheeting shall be draped or suspended vertically for sufficient
time to remove any excess water from its surface, which may dilute or damage the fresh
concrete, however, the burlap shall not be permitted to dry. The in-place burlap shall
also not be permitted to dry.

Since the burlap could not be seen at the job site, it was not able to possible to evaluate this

procedure.

10. Burlene or other similar products with impervious surfaces are not permitted.

11. A network of soaker hoses shall be installed over the wet burlap as soon as the concrete
surface will support it without deformation.

12. Soaker hoses shall be perforated throughout their lengths, within the limits of curing, and
shall be capable of discharging sufficient curing water to uniformly and continuously
cover the entire bridge deck surface without having to be periodically relocated.
Perforations shall be sized so as to prevent excessive localized discharge of water, which
may damage the concrete surface.

13. Non-perforated hose shall be used outside the limits of the bridge deck curing.

The following day, observations did not show any network of soaker hoses providing a
continuous discharge of curing water. Unfortunately, there is no information with regard to how

the burlaps covers were kept moist, given that there was not a soaker hose system.

14. The Contractor shall demonstrate to the Engineer that the soaker hose system provides
uniform and thorough coverage of the entire deck surface. A continuous layer of 4 mils
polyethylene film (transparent or white color) shall then be securely placed over the
entire deck surface and the soaker hose system.

No comments on this issue.
15. All seams shall overlap 10 inches minimum.

This requirement was met.
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16. The water supply shall then be activated and maintained to ensure complete and
uninterrupted wet curing of the entire deck surface for the remainder of the first seven
days following concrete placement.

17. The continue-wet cure shall be maintained until the concrete has reached an age of at
least 7 days, and until the concrete has attained its minimum 7-day compressive strength.

18. Strength results achieved prior to seven days shall not be considered basis for removal of
the continuous wet cure prior to the completion of the 7-day continuous wet curing
period.

As explained above, with the lack of soaker hose system, it was assumed that there was no
continuous wet cure even though the burlap was in place for a 7-day period.

19. Heavy equipment, such as mixers and slip form machines, will not be permitted on the
deck until the deck concrete has reached an age of at least 7 days and then not until the
concrete has attained at least 100 percent of its minimum 28 day flexural or compressive
strength.

Barrier casting started on some bridges when the bridge decks were seven days old. Therefore,
mixers, slip-form machines, and several other vehicles traveled and parked on the newly placed

bridge decks.

5.3.9 Additional Observations

Some additional observations are worth mentioning. The first two are related to concrete
placement. On one deck with super elevation (S06 of 82194), fresh concrete did not have
sufficient stiffness and therefore flowed to one side. The deck surface needed to be diamond

ground in order to achieve appropriate leveling (Photo 5-9).

Photo 5-9. Diamond ground deck surface of bridge S06 of 82194

The second issue was common for all decks. The construction or expansion joint boundaries are

quite problematic during placement. Excess concrete overflows, loses its plasticity and it is
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scraped off and thrown in with the deck concrete near the joint. This creates a substandard
quality concrete near the joint. Deterioration often starts at the joints. During placement, the

concrete that falls off the joints should not be placed back on the deck.

In two decks (S20 of 50111 and S05 82025), the specimens prepared for the laboratory testing
were not set properly at approximately 12 hours after placement. Although the concrete mix
design did not indicate any excessive use of set-retarders, these observations indicate an error in

the amounts used of these admixtures.

54 VISUAL REPRESENTATION OF THE DECK CASTING PROCESS

The data collected during construction monitoring has been analyzed with respect to time and
delays and is presented below for each of the deck placements. In the case of bridge S20 of
50111, the collected data was inconsistent and difficult to interpret; therefore, it was not included

in the analysis.

5.4.1 BridgelD S06 of 82194

Figure 5-1 shows the sequence of concrete placement for the monitored sections of the deck.
Each yard is color coded with respect to the amount of time required for placement of concrete in
that area, and labeled with the start time. Figure 5-2 and Figure 5-3 show the information for the
north and south sections in a bar chart format, allowing one to clearly see where any delays
occurred. Figure 5-4 demonstrates the relationship between cumulative volume of concrete
placed and elapsed time, while Figure 5-5 shows the fluctuation in placement time of concrete as
it arrives on the trucks. Figure 5-6, Figure 5-7, and Figure 5-8 show data for the finishing of
concrete with regard to time elapsed and observed delays. Texturing data is presented in Figure
5-9, Figure 5-10, and Figure 5-11. Information with regard to application of curing compound
may be seen in Figure 5-12, Figure 5-13, and Figure 5-14. Curing was not a smooth process. It
started from somewhere in the middle of north section and advanced towards the south end of the
south section. Finally, the north end of the north section was completed. Figure 5-13 and Figure

5-14 illustrate this intermittent process and the delays that occurred during the process.
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Start

Yard Time
1
2
3
4
:
9:36
7 =936
8 :

South Section

. 48
North Section “ 5 . 1N
> 535142:42\
1:19
53 56 \

57 1:22
58 1:24

59
60
61

62
63

Time Elapsed

1 min. |2 min.| 3 min.

7 min. | 8 min.

Figure5-1. S06 of 82194 Concr ete placement, time elapsed per yard
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Yard

Yard

Time

9:30 PM 10:00 PM 10:30 PM 11:00 PM  11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM

2:00 AM

Delay
10:08 -10:13 p.m.
Delay
10:26 - 10:37 p.m.
Delay
10:49 - 11:07 p.m.

Delay

. /11:13 -11:30 p.m.

Figure5-2. S06 of 82194, South section concr ete placement time sequence

Time

9:30PM  10:00PM 10:30PM 11:00PM 11:30PM 12:00AM 12:30AM  1:00 AM 1:30 AM

2:30 AM

2:00 AM 2:30 AM

Delay
9:49 -10:08

Interruption
10:31-10:35p.m.
Interruption
10:55-11:01 p.m.
Delay . Interruption
10:13-10:26 11:48 p.m.-12:10
Delay

10:37 -10:49 p.m. ‘ .

Delay Dela:
11:07 -11:13 - 12;4)7/-1:19
Delay

11:20-11:23 p.m.

Interruption
1 26 -1:57 am.

Figure5-3. S06 of 82194, North section concr ete placement time sequence
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Time

197.26
187.32
179.67
172.02
165.14
157.50
149.09
140.68
133.03
125.39
116.98
109.33
101.69
94.80
87.16
78.75

70.34

Cumulative Concrete Volume (yd:’)

62.69
55.05
46.64
38.99
31.35
24.47

16.82

Start of
Unloading

8.41

9:00
PM

1:45 AM
1:30 AM
1:115 AM
1:00 AM
12:45 AM
12:30 AM
12:15 AM
12:00 AM
11:45 PM
11:30 PM
11:15PM
11:00 PM
10:45 PM
10:30 PM
10:15 PM
10:00 PM
9:45 PM
9:30 PM
9:15 PM

9:00 PM

9115 9:30 945 10:00 10:15 10:30 10:45 11:00 11:15 11:30 11:45 12:00 12:15 12:30 12:45 1:.00 1:15 1:30 1:45

PM PM PM PM PM PM PM

PM PM PM PM AM AM AM AM AM AM
Time

AM  AM

Figure5-4. S06 of 82194, Cumulative concrete placed vstime elapsed

C— Cumulative Concrete Quantity

[ Concrete Quantity

Start Time

= = =Finish Time

200

100 Quantity (yd.%)

r 80

r 60

r 40

r 20

+ 0

461 462 424 433 414 432 460 430 409 461 462 424 433 414 432 460 430 409 461 462 424 433 414 432 461

Truck #

Figure5-5. S06 of 82194, Time and volume of concrete placed vstruck arrival
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Figure5-6. S06 of 82194, Concrete finishing, time elapsed per yard
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9:30 PM

Yard

Time
10:00 PM 10:30 PM 11:00 PM 11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM

2:30 AM

Delay

¥/10:34—10:36 p.m.

Delay
L] 11:05 - 11:10 p.m.

Delay -
10:56 -11:02 p.m. |

L

Delay
11:28-11:41 p.m.

Figure5-7. S06 of 82194, South section concr ete finishing time sequence

Time

9:30 PM 10:00 PM 10:30 PM 11:00 PM 11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM

2:30 AM

Delay
10:34-10:36 p.m.

Delay
11:05-11:10 p.m.
|
]
Delay ]

10:56 -11:02 p.m. / =
Delay ‘

11:28 - 11:41 p.m.
-

Delay /
1:32-1:59 a.m.

Figure5-8. S06 of 82194, North section concrete finishing time sequence
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Figure 5-9. S06 of 82194, Concrete texturing, time elapsed per yard
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Yard

Yard

9:30 PM

10:00PM  10:30PM  11:00 PM

Time
11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM

2:30 AM

59 A
61 -

Delay

Delay /

10:00 -
10:13 p.m.

Delay

Delay
10:21-10:27 p.m.

Delay
10:54 - 11:18 p.m.

Note: Only delays of 5 minutes or more
are labeled

/10:15 -10:20 p.m.

/10:34-10:41 p.m.

Delay
11:19-11:58 p.m.

Delay
12:17-12:25am.

/'

Delay
12:06 - 12:11 am.

Delay /

12:26 - 12:42 a.m.

63

9:30 PM

Figure5-10. S06 of 82194, South section concrete texturing time sequence

10:00 PM 10:30 PM 11:00 PM

Time
11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM

2:30 AM

59

Delay /

10:34-10:41 p.m.

Delay

11:19-11:58 p.m.

Note: Only delays of 5 minutes or more
are labeled

Delay
10:54-11:18 p.m.

Delay
12:06-12:11am.

Delay
12:26-12:42 a.m.

Delay
12:17-12:25a.m. Delay

1:03-1:21 am.
Delay

12:46-12:51a.m.

Delay
1:34-2:11am.

Figure5-11. S06 of 82194, North section concr ete texturing time sequence
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Figure5-12. S06 of 82194, Curing compound application, time elapsed per yard

111



Yard

9:30 PM 10:00 PM

10:30 PM

11:00 PM

11:30 PM

Time
12:00 AM

12:30 AM 1:00 AM

1:30 AM 2:00 AM

2:30 AM

Yard

9:30 PM

Figure5-13. S06 of 82194, South section curing compound application time sequence

10:00 PM

10:30 PM

11:00 PM

11:30 PM

Time
12:00 AM

12:30 AM 1:00 AM

1:30 AM 2:00 AM

2:30 AM

1
34
5
74
94
11 A
13 1
15 1
17 A
19 A
21 1
23 1
25
27 7
29
317
33
357
37 4
39 7
41 A
43 A
45
47 1
49
51
53 7
55 1
57 1
59 1
61 7

Delay
1:45 - 1:54 a.m.

I

Delay
2:05-2:22 a.m.

63

Figure5-14. S06 of 82194, North section curing compound application time sequence
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5.4.2 BridgelD S26 of 50111

Figure 5-15 shows the sequence of concrete placement for the monitored sections of the deck.
Figure 5-16 and Figure 5-17 show the information for the east and west sections in a bar chart
format, allowing one to clearly see where any delays occurred. Figure 5-18 demonstrates the
relationship between cumulative volume of concrete placed and elapsed time, while Figure 5-19
shows the fluctuation in placement time of concrete as it arrives on the trucks. Figure 5-20,
Figure 5-21, and Figure 5-22 show data for the finishing of concrete with regard to time elapsed
and observed delays. Texturing data is presented in Figure 5-23, Figure 5-24, and Figure 5-25.
Information with regard to application of curing compound may be seen in Figure 5-26, Figure

5-27, and Figure 5-28.
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Yard Start
Time

9:04
p.m
9:17
9:30

9:31

Start

Time
11:30
p-m
11:40

11:46
12:06

12:12
12:20
12:31
12:44
12:59

1:07

Time Elapsed

1 min. |2 min.| 3 min.

West Section

Figure5-15. S26 of 50111, Concr ete placement, time elapsed per yard

7 min. | 8 min.
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Yard

9:00 PM

13 1

14

Time
9:30 PM 10:00 PM 10:30 PM 11:00 PM 11:30 PM 12:00 AM

12:30 AM

Delay

/10:15 -10:50 p.m.

11:30 PM
1

Figure5-16. S26 of 50111, East section concr ete placement time sequence

Time
12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM 2:30 AM

3:00 AM

21 A

23 1

25

27 1

29

Figure5-17. S26 of 50111, West section concr ete placement time sequence
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Time

2:30 AM
2:15 AM
2:00 AM
1:45 AM
1:30 AM
1:15 AM
1:00 AM
12:45 AM
12:30 AM
12:15 AM
12:00 AM
11:45 PM
11:30 PM
11:15 PM
11:00 PM
10:45 PM
10:30 PM
10:15 PM
10:00 PM
9:45 PM
9:30 PM
9:15 PM
9:00 PM

Cumulative Concrete Volume (yd®)

2325

2367

2209

2052

189.4

1736

1578

Start of
Unloading

1420
126.2

1105

End of
Unloading

947

789

B3.1

952

395

237

74

900 15 930 S45 1000 10:15 10:30 10045 1100 1115 11:30 11:45 1200 1215 1230 1245 1:00 115 130 145 200 215 230
P PM PM  PM PM PM  PM PM  PM  PM PM PM AWM AW AWM AM AWM AWM AW AWM AM AWM AW

Time

Figure5-18. S26 of 50111, Cumulative concrete placed vstime elapsed
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Figure5-19. S26 of 50111, Time and volume of concrete placed vstruck arrival
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Yard Start
Time

9:23
p.m
9:35
9:35

9:50

Start
Time

12:00
a.m
12:06

12:10
12:14
12:27
12:35
12:43
12:49
1:07

1:17

Time Elapsed

1 min. |2 min.| 3 min.

West Section

Figure5-20. S26 of 50111, Concr ete finishing, time elapsed per yard

7 min.
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Yard

Time
9:00 PM 9:30 PM 10:00 PM 10:30 PM 11:00 PM 11:30 PM 12:00 AM 12:30 AM

1

2

3

Yard

10

11

12

13

14

Delay

/10:30 -11:27 p.m.

Figure5-21. S26 of 50111, East section concrete finishing time sequence

Time

11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM 2:30 AM 3:00 AM

11 A

13 A

15 A

17 A

19 4

21 A

23 1

25 1

27

Delay
./ 12:20 - 12:27 a.m.

Delay
1:35-1:45a.m.

. Delay
/1;55 -2:10 a.m.

Note: Only delays of more than 5
minutes are labeled

29

Figure5-22. S26 of 50111, West section concrete finishing time sequence
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Yard

East Section

29

Time Elapsed

Start
Time

9:42
p.m
9:55
9:58

10:10

Start
Time

12:16
a.m

12:30
12:35
12:44
12:47
12:52
1:02
1:13
1:23
1:30

. 1 min. |2 min.| 3 min. 5 min.
West Section \—i 7 i 18 min.

Figure5-23. S26 of 50111, Concrete texturing, time elapsed per yard
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9:00 PM 9:30 PM

1

Yard

10 A

11 A

12 A

13 4

Time
10:00 PM 10:30 PM 11:00 PM 11:30 PM 12:00 AM

Delay

/10:35 p.m. - 12:05 p.m.

14

11:30 PM 12:00 AM 12:30 AM

Figure5-24. S26 of 50111, East section concrete texturing time sequence

1:00 AM Tlme1:30 AM 2:00 AM 2:30 AM

3:00 AM

19 A

21 1

23 1

25

27

29

Delay

/ 1:34 - 1:45 a.m.

Delay

/2:25 -2:40 a.m.

Note: Only delays of more than 10
minutes are labeled

Figure5-25. S26 of 50111, West section concr ete texturing time sequence
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Yard Start
Time

1

9:55
p.m

10:05

10:15

10:25

Start

Time
12:29
a.m

12:35

12:37
12:46

12:49
12:57

1:07
1:20
1:27
1:34

Time Elapsed
. 1 min. |2 min.| 3 min. S min.
West Section —

Figure5-26. S26 of 50111, Curing compound application, time elapsed per yard
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Yard

9:00 PM 9:30 PM

10 1

11

12 1

Time
10:30 PM 11:00 PM 11:30 PM 12:00 AM 12:30 AM

Delay
/10:40 p.m. - 12:20 a.m.

13 {Note: Only delays of more than 5

minutes are labeled

14

Figure5-27. S26 of 50111, East section curing compound application time sequence

Time

11:30 PM 12:00 AM 12:30 AM 1:00 AM 1:30 AM 2:00 AM 2:30 AM 3:00 AM

11 A

13 A

15

Yard

17 A

19 A

21 A

23 A

25 ~

27 A

Delay
1:13-1:20am.

Delay
1:48-1:55a.m.

Delay
1:58 - 2:05 a.m.
/ Delay
/ 2:07 - 2:45am.

29

Note: Only delays of more than 5
minutes are labeled

Figure5-28. S26 of 50111, West section curing compound application time sequence
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54.3 BridgelD S05 of 82191

Figure 5-29 shows the sequence of concrete placement for the monitored sections of the deck.
Figure 5-30 and Figure 5-31 show the information for the west and east sections in a bar chart
format, allowing one to clearly see where any delays occurred. Figure 5-32 demonstrates the
relationship between cumulative volume of concrete placed and elapsed time, while Figure 5-33
shows the fluctuation in placement time of concrete as it arrives on the trucks. Figure 5-34,
Figure 5-35, and Figure 5-36 show data for the finishing of concrete with regard to time elapsed
and observed delays. Texturing data is presented in Figure 5-37, Figure 5-38, and Figure 5-39.
Since curing compound was not applied until the project team left the site, information with

regard to application of curing compound was not available for this project.
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Yard Time

9:05 p.m.
9:06
9:09
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Time Elapsed

East Section

| 1 min. |2 min.| 3 min. 5 min.

| 6 min.| 7 min. | 8 min.

Figure5-29. S05 of 82191, Concr ete placement, time elapsed per yard
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Yard

Yard

Time

9:00 PM 9:15 PM 9:30 PM 9:45 PM 10:00 PM 10:15 PM 10:30 PM 10:45 PM 11:00 PM
14— L L L L L L L L

13
151

17 A

Figure5-30. S05 of 82191, West section concr ete placement time sequence

Iime
11:.00PM 11:15PM 11:30PM 11:45PM 12:00 AM 12:15AM 12:30 AM 12:45AM 1:00 AM 1:15 AM
X e ‘ ‘ ‘ ‘ ‘ ‘

]
N
il
.|
(Sl
N

117 -

13 4
15 4
17 4
19 4

n -

Figure5-31. S05 of 82191, East section concr ete placement time sequence
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Time

140.0

129.0

118.0

107.0
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330

220
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Prd P P Prd Prd P P Prd A A Ahd Abd
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Figure5-32. S05 of 82191, Cumulative concrete placed vstime elapsed
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Figure5-33. S05 of 82191, Time and volume of concrete placed vstruck arrival
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Start

Yard Time

9:06 p.m.
9:13
9:16

SO N W —
©
=
©

9:38
11 9:50
12 9:54
13 9:56
14 | 10:00
15 10:13
16
17 10:17
18 10:21
19 10:37
20 10:42
vad  West Section Start
Time
1 11:16 p.m.
2 11:27
3 11:36
4 11:41
5 11:55
6 12:01 a.m.
7 12:15
8 12:21
9 12:27
10
11
2 s i2:36
13 12:41
12:43

12:46
12:50

12:56

Time Elapsed

East Section

1 min. |2 min.| 3 min.

Figure5-34. S05 of 82191, Concrete finishing, time elapsed per yard
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Yard

Yard

Time

9:00 PM 9:15 PM 9:30 PM 9:45PM  10:00PM  10:15PM  10:30PM  10:45PM  11:00 PM
3 ,
5 a
Delay
77 -/9:32—9:38 p.m.
9 1 Delay
/9:39 -9:50 p.m.
11 -
13 -
15 -
17 -
19 | Note: Only delays of more than q
5 minutes are labeled
Figure5-35. S05 of 82191, West section concrete finishing time sequence
Time
1:15 AM

11 A

13 A

15 A

17 A

19 ~

21

11:.00PM 11:15PM 11:30PM 11:45PM 12:00AM 12:15AM 12:30AM 12:45AM 1:00 AM

Figure5-36. S05 of 82191, East section concr ete finishing time sequence
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Yard Start

Time

1 9:25p.m.
2 9:30

3 9:36

4

5

6

7 9:50

8

9 9:56
10

11 10:00
12

13 10:05
14 10:17
15 10:21
16 10:26
17 10:29
18 10:41
19 — 10:44
20 10:51

West Section Start
Yard i
Time

1 11:35 p.m.
2 11:54
3 12:01 a.m.
4 12:04
5 12:14
6

7 12:20
8 12:27
9 12:30
10 12:34
11

12 12:40
13 12:46
14

15 12:48
16

17 12:56
18

19 1:.04
20

2] e e oz

Time Elapsed

East Section

1 min. |2 min.| 3 min.

Figure 5-37. S05 of 82191, Concrete texturing, time elapsed per yard
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Yard

Yard

1

Time
9:00 PM 9:15 PM 9:30 PM 9:45 PM 10:00 PM 10:15 PM 10:30 PM 10:45 PM 11:00 PM

114

13 4

15 4

17 4

19 1 Note: Only delays of more than 5 minutes
are labeled

Delay
9:45 - 9:50 p.m.

Delay

/10:31 -

10:41 p.m.

11:00 PM 11:15PM 11:30PM 11:45PM 12:00AM 12:15AM 12:30 AM 12:45 AM

Figure5-38. S06 of 82191, West section concr ete texturing time sequence

Time

1:00 AM  1:15AM

/V Delay

Delay 12:06 - 12:14 a.m.
11:40 -11:54 p.m.

Delay /

12:50 - 12:56 a.m.

| Note: Only delays of more than 5 minutes

are labeled

Figure5-39. S05 of 82191, East section concrete texturing time sequence
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5.4.4 BridgelD S05 of 82025

Figure 5-40 shows the sequence of concrete placement for the monitored sections of the deck.
Figure 5-41 shows the information for the section monitored in a bar chart format, allowing one
to clearly see where any delays occurred. Figure 5-42 demonstrates the relationship between
cumulative volume of concrete placed and elapsed time, while Figure 5-43 shows the fluctuation
in placement time of concrete as it arrives on the trucks. Figure 5-44 and Figure 5-45 show data
for the finishing of concrete with regard to time elapsed and observed delays. Texturing data is
presented in Figure 5-46 and Figure 5-47. Information with regard to application of curing

compound may be seen in Figure 5-48 and Figure 5-49.
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Start

Yard Time
8:26

1 a.m
2 8:37
3 8:47
4 9:40
5 10:32
6 10:42
7 10:47
8 10:52
9 11:23
10 11:29
11 11:39
12 11:51
13 12:20
14 12:57
15 1:20
16 1:29
17 1:33
18 1:40
19 1:45
20 2:02
21 2:37
22 2:45
23 2:54
24 3:03
25 3:12
26 3:16
p-m

Time Elapsed

1 min. |2 min.| 3 min.

7 min. | 8 min.

Figure 5-40. S05 of 82025, Concr ete placement, time elapsed per yard
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Yard

Time
8:15 845 9:15 945 10:15 10:45 11:15 11:45 12:15 12:45 1:15 1:45 2:15 2:45 3:15 3145 4:15
AM AM AM AM AM AM AM AM PM PM PM PM PM PM PM PM PM PM
1+ o . . ‘

37 Delay

10:05 - 10:32 a.m.

5 1 [l

7 - Delay

11:01-11:23 a.m.

9
11 A Delay
11:55a.m. - 12:20 p.m.

13 4
15 - /

Delay

12:25 - 12:57 p.m.
17 A

19 - Delay
/ 2:07 - 2:37 p.m.

21 A

23

Note: Only delays of more than 20
25 1 minutes are labeled

Figure5-41. S05 of 82025, Concr ete placement time sequence
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244 B0

22882

213.04

19726

181.48
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149.92

134.14

11836

10258

Cumulative Concrete Volume {yd®)

a6 End of
Unloading
71.01
5523
3945
2367
.89
G515 AW G452 915 AWM 43 AWM 1013 10:45 11:13 11:45 1213 1245 1:15PM 1:45PM 215PM 2Z45PM 315PM S43PM
A A A 2 P Pt
Time

Figure5-42. S05 of 82025, Cumulative concrete placed vstime elapsed
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3:45 PM 1
3:30 PM 1
3:15 PM 1
3:00 PM 1
2:45 PM 1
2:30 PM 1
2:15 PM 1
2:00 PM 1
1:45 PM 1
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1:15 PM 1
1:00 PM 1

12:45 PM A

12:30 PM A
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12:00 PM A

11:45 AM -

11:30 AM 1

11:15 AM A

11:00 AM -

10:45 AM .

10:30 AM -

10:15 AM 1

10:00 AM -
9:45 AM -
9:30 AM A
9:15 AM -
9:00 AM -
8:45 AM
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[ Concrete Quantity
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= Finish Time
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Truck #

Figure5-43. S05 of 82025, Time and volume of concrete placed vstruck arrival

Quantity (yd?)
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Time Elapsed

1 min. |2 min.| 3 min.

Figure5-44. S05 of 82025, Concr ete finishing, time elapsed per yard

Start
Time

9:21
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9:38
10:25
10:43
10:49
10:54
11:02
11:30
11:39
11:56
12:15
12:45
1:20
1:30
1:39
1:52
2:10
2:14
2:19
2:44
2:58
3:15
3:28
3:38

3:48
p-m
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Yard

8:15 8:45 9:15 9:45 10:15 10:45 11:15 11:45 12:15 12:45 1:15 1:45 2:15 2:45 3:15 3145 4:115 4145
AM AM AM AM AM AM AM AM PM

Time

PM

PM  PM PM

PM

PM

PM

PM

PM

11 A

13 7

15 4

17 A

19 A

21 A

23 1

25 1

Delay

10:05 - 10:25 a.m.

Note: Only delays of more than 10
minutes are labeled

Delay
1:07 - 1:20 p.m.

Delay

12:25-12:45 p.m.

Figure5-45. S05 of 82025, Concr ete finishing time sequence

136



Yard

O 00 N A VA W =

BN N NN N NN e e e e e e e e e
A L A WD =, O O 0NN R W N~ O
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Figure5-46. S05 of 82025, Concrete texturing, time elapsed per yard
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Time
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11:05
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2:45
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3:28
3:42
3:50
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4:15
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p-m

137
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Time

8:15 8145 9:15 9:45 10:15 10:45 11:15 11:45 12:15 12:45 1:15 1:45 2:15 2:45 3:15 3145 4:15 445

PM

AM AM AM AM AM

AM AM AM PM PM PM PM PM PM PM PM

PM

11

13 7

15

17 A

19
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23 7

25 1

Delay
12:32 - 12:58 p.m.

/

Delay

/2:13- 2:35 p.m.
Delay /

2:46 - 3:06 p.m. -
Note: Only delays of more than 20
minutes are labeled

Figure5-47. S05 of 82025, Concr ete texturing time sequence

=
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Time Elapsed

Start
Time

11:54
a.m

12:06

12:28

12:40
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1:38

2:05

2:39

3:12

3:53

3:55
p.m

| 1 min. |2 min.| 3 min. 5 min.

| 6 min.| 7 min. | 8 min.

Figure5-48. S05 of 82025, Curing compound application, time elapsed per yard
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Time
8:15 845 9:15 9:45 10:15 10:45 11:15 11:45 12:15 12:45 1:15 1:45 2:15 245 3:15 3:45 4:15 445
AM AM AM AM AM AM AM AM_PM PM PM PM PM PM PM PM PM PM

1 L 1 1 L L 1 1 L 1 1 L 1 Il L 1 L 1 L L L 1 1 L L 1 1 L 1 L
3 -
Delay

.| / 12:07 - 12:28 p.m.

74

91
11

Delay
421 Delay
. 12:43 - 1:25 p.m. / 1:40 - 2:05 p.m.
15
/ Delay
2:42 - 3:12 p.m.
177 Delay / P
2:06 - 2:39 p.m.
19 1
] /
Delay
23 1 3:14 - 3:53 p.m.
Note: Only delays of more than 20

251 minutes are labeled

Figure5-49. S05 of 82025, Curing compound application time sequence
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54.5 Summary of Construction Monitoring Data

During construction monitoring, the purpose was to observe the procedures and the process
timelines for concrete placement, texturing, and curing. The main focus was to identify the
interruptions and delays that occurred during the process and their significance. As an example,
the process timelines of concrete placement, texturing, and curing of bridge S05 of 82025 are
depicted in Figure 5-50. Table 5-5, Table 5-6, Table 5-7, and Table 5-8 summarize the data
gathered with regard to concrete placement, texturing, and curing compound application
procedures for bridges S06 of 82194, S26 of 50111, SO05 of 82191, and SO05 of 82025
respectively. These tables provide data on start time and duration of each process, elapsed time
between two consecutive processes, and the maximum delays that each process experienced. In
the case of bridge S20 of 50111, the collected data was inconsistent and difficult to interpret;

therefore, it was not included in the analysis.
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. .
: -
3] X0
=
Q 197
o
=
LR
=
£ iH
o
- Conerats
Flacement )
.I‘. .
- ___.-"" 4 Curing
Concrete - l Compaund
- Taxturing 4y I Application
-I
BIS B45 D5 B45 1015 1045 196 1145 1295 1245 195 145 296 285 RIS 34§
AN OAM AWM AM MM AM  AM AM PM PM PM  PM  PM FM  PM PM

Time

Figure 5-50. Summary of construction monitoring data of bridge S05 of 82025
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Table5-5. Summary of Construction M onitoring Data for Bridge S06 of 82194

Start Time
BridgeID
Dur ation
(Hours)
S06 of
Elapsed
82194 °p

Time
(Hours)

M ax:
Duration
Interrupted
(Hours)

Placement  Texturing Curing
9:33 p.m. 9:48 p.m.
1:40 a.m.
9:48 p.m. 10:34 p.m.
1:57 2:57
0:45
3:36 3:45
0:15
3:52
0:46
0:18 0:39
0:17
0:32 0:39

Table5-6. Summary of Construction M onitoring Data for Bridge S26 of 50111

Start Time
BridgelD
Dur ation
(Hours)
S26 of
Elapsed
50111 °p

Time
(Hours)

M ax:
Duration
Interrupted
(Hours)

Placement  Texturing Curing
9:04 p.m. 9:42 p.m. 9:55 p.m.
11:30 p.m. 12:16 a.m. 12:29 am.
1:56 2:33 2:30
2:20 2:20 2:26
0:38
0:13
0:46
0:35 1:30 1:40
0:00 0:14 0:38
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Table5-7. Summary of Construction M onitoring Data for Bridge S05 of 82191

BridgeID

S05 of
82191

Section Placement  Texturing
W 9:05 p.m. 9:25 p.m.
Start Time
E 11:10 p.m. 11:35 p.m.
Burailen W 1:32 1:26
s, E 1:20 1:32
Elapsed W 0:20
Time
(Hours) E 0:25
LGNS W 0:00 0:10
Duration
JRETEEe E 0:00 0:14
(Hours)

Curing

Curing
compound
was not
applied until
1:15 a.m.

Table5-8. Summary of Construction M onitoring Data for Bridge S05 of 82025

Bridge 1D

SO5 of 82025

Start Time

Duration

(Hours)
Elapsed Time (Hours)

Max: Duration
Interrupted (Hours)

Placement

Texturing

Curing
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5.5 POST-CONSTRUCTION MONITORING OF BRIDGE DECKS

Photo 5-10 shows the replaced deck of the bridge S06 of 82194. This bridge deck replacement
started on 8/19/2002, this was a two-day process. Inspection for early-age cracking was
performed on 9/13/2002. The diamond ground deck surface was helpful when observing the
early-age cracks. During the observations, several transverse cracks were identified (Photo
5-11). Several transverse cracks were also seen on the deck of bridge S05 of 82025 during post-

construction inspection. Unfortunately, photographs are not available.

Photo 5-10. Replaced deck of bridge S06 of 82194
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* Crack locations are shown with arrows

Photo 5-11. Observed cracking on replaced deck of bridge S06 of 82194

5.6 CONCLUSIONS

Five bridge reconstruction projects with deck replacements were selected with consideration to
the construction dates. Construction monitoring of five bridges was completed including one
late season deck replacement. During concrete placement, ambient temperature and ambient
moisture conditions were recorded. Truck number, production time, truck arrival time, and
unloading (start/finish) time were also recorded. Finally, starting and finishing time for concrete
placement, finishing, texturing, and curing for the areas within an approximate one-yard width

were monitored and recorded.

The requirements for the formwork, placement of steel reinforcements, placement of concrete,
finishing of plastic concrete, and curing given in MDOT Section 706 of Standard Specifications

for Construction were compared with the field observations.
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The reinforcement as well as the interior of the formwork was cleaned before placement of
concrete. The concrete crew made an effort to place the concrete uniformly and in its final
position. Shovels were sometimes used to spread concrete from one location to another. It was
hard to control the free-fall to within the required limit of 6 inches. Most often, free fall was

about one foot. In certain instances, it was between two and three feet.

Additionally, concrete placement was sometimes interrupted due to delays in its delivery to the
job site. The time data collected at the site during deck placement show that the delay sometimes
exceeded 30 minutes. Consequently, the requirements in the Specifications stating that
“sufficient vibrators shall be used to properly compact the incoming concrete within 15 minutes
after placing” could not be satisfied. When the new concrete arrived and was placed on the deck,
the old and the new portions were then consolidated together. In addition, the vibrator
applications were random rather than following a distinct pattern as required in the

Specifications.

Section 706.03 N of Standard Specifications for Construction describes the curing procedure for
concrete bridge decks. When curing is considered, most of the Specification requirements were
not met for the five projects that were monitored. One of the requirements in the Specifications
is that more than 10 feet of textured concrete surface should not be left exposed without curing
compound at any time. As reported earlier, this requirement was never satisfied. Out of five
instances of construction monitoring, one time, a curing compound was applied after completing
the placement of concrete on the full deck and in another instance, curing compound was not
applied until sometime after the project team left the site, which was after the casting crew
finished concrete placement, leveling, and texturing. @Wet curing is another important
requirement given in the Specifications. It requires covering the concrete with clean,
contaminate-free wet burlap as soon as the curing compound has dried sufficiently to prevent
adhesion and the concrete surface can support it without deformation. However, wet burlap
should have been applied within two hours after the concrete was cast. Based on the
observations, it can be concluded that the concrete surface was never covered with burlap until

the next day.
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Heavy equipment, such as mixers and slip form machines, are not be permitted on the deck until
the deck concrete has reached an age of at least 7 days and then not until the concrete has
attained at least 100 percent of its minimum 28 day flexural or compressive strength. However,
barrier casting started on some bridges when the bridge decks were seven days old. Therefore,
mixers, slip-form machines, and several other vehicles traveled and parked on the newly placed

bridge decks.

It was observed that on one deck with super elevation (S06 of 82194), fresh concrete did not
have sufficient stiffness and therefore flowed to one side. The deck surface needed to be
diamond ground in order to achieve appropriate leveling. In all of the bridge decks, the
construction or expansion joint boundaries were observed to be quite problematic during
placement. Excess concrete overflows, loses its plasticity and it is scraped off and thrown in
with the deck concrete near the joint. This creates a substandard quality concrete near the joint.
Deterioration often starts at the joints. During placement, the concrete that falls off the joints

should not be placed back on the deck.

In two decks (S20 of 50111 and SO5 of 82025), the specimens prepared for the laboratory testing
were not fully set at approximately 12 hours after placement. Although the concrete mix design

did not show increased use of set-retarders, these observations show otherwise.
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6 FIELD AND LABORATORY TESTING

6.1 OVERVIEW

Determination of mechanical and other important physical properties related to concrete
durability may be accomplished through several standard tests. Mechanical properties of deck
concrete are obtained from compressive strength and elasticity modulus tests in accordance with
ASTM C39 and ASTM C 469 respectively. The compressive strength test is the most common
test performed on hardened concrete. There is a strong correlation between the properties of
concrete and its compressive strength. This test was used to evaluate the performance of the
materials and can help establish the necessary mixture proportion to attain the required strength.

An additional advantage of this test is its ability to control the quality of the concrete in the field.

Elasticity modulus and Poisson’s ratio tests provide a value for stress to strain ratio and a ratio of
lateral to longitudinal strain for hardened concrete at any designated curing age. The modulus of
elasticity and Poisson’s ratio values are applicable in stress ranges from 0 to 40% of the ultimate
concrete strength. This method is helpful in sizing of reinforced and non-reinforced structural
members, establishing the quantity of reinforcement, and computing the stress from intrinsic
strains. In addition, by conducting compressive strength, elasticity modulus, and Poisson’s ratio
tests at different ages of concrete, the variation of mechanical properties with respect to time is

established and may be used for further analysis of causes of distress.

The ultrasonic pulse velocity (UPV) test measures the velocity of an ultrasonic wave passing
through the concrete. The pulse velocity of compressive waves in concrete is related to its
elastic properties and density. This test method is used to evaluate the uniformity and relative
quality of concrete, to indicate the presence of voids and cracks, to estimate the depth of cracks,
and to evaluate the effectiveness of crack repairs. It may also be used to identify changes in the
properties of concrete, and in the survey of structures, to estimate the severity of deterioration of
cracking. From ultrasonic pulse velocity, dynamic elasticity modulus can be calculated. This

test is performed in compliance with ASTM C597.

The rapid chloride permeability test (RCPT) is performed in accordance with ASTM C 1202.

This test is useful in determining the electrical conductance of concrete and provides an
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indication of its resistance to penetration of chloride ions. The absorption and air permeability
tests are useful in developing the data required for the calculation of void ratio and to obtain the
limits of absorption. Concrete with large or many pores is not desirable due to its lack of ability
to protect itself from environmental attacks (i.e. chloride ion penetration); therefore, it is ideal to
obtain a low pore-volume ratio for quality concrete. The absorption test is performed in
compliance with ASTM C642. The air-permeability test is performed using a special apparatus
not yet specified by ASTM.

6.1.1 SamplesObtained During Construction Monitoring

A comprehensive list, which enumerates the tests performed on the cylinder specimens and the
required number of samples for the tests, is given in Table 6-1. Compressive strength, elasticity
modulus, Poisson’s ratio, rapid chloride permeability test (RCPT), ultrasonic pulse velocity
(UPV), air-permeability, and absorption tests were conducted and the test results are shown in

Table 6-3, 6-4, 6-5, 6-6, 6-7, 6-8, and 6-9 respectively.

Table6-1. Teststo be Conducted and the Required Number of Samples

Typeof  Number of ek
Specimen  Specimens Num_ber o
Specimens
Compressive
Strength 6x 12 in 4 X X X X X 20
(ASTM - C 39)
M odulus of
Elasticity 6x 12 in 2 X X X X X 10
(ASTM - C 469)
upPv .
(ASTM — C 597) 4x 8in 12 X X X X X 12
Permeability 4x2in 4 X X X
RCPT .
(ASTM — C 1202) 4x2in 4 X X X 12
Absor ption .
(ASTM - C 642) 4x2in 4 X X X
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6.1.2 Test Proceduresfor Samples Obtained During Construction Monitoring

During the placement of concrete bridge decks, a number of cylindrical test specimens
(minimum thirty-two 6-in.x12-in. and twenty four 4-in.x 8-in.) were prepared for laboratory
testing according to Table 6-1. The specimens were kept in the field for one day. After twenty-
four hours, specimens were taken to the laboratory. Specimens were cataloged according to their
size and wet cured for 28 days. After the 28 days of initial curing, the specimens were kept
under ambient laboratory air. Compressive strength, modulus of elasticity, Poisson’s ratio, and
ultrasonic pulse velocity tests were conducted at the ages of 3, 7, 28, 56, and 90 days. Rapid
chloride permeability (RCPT), absorption, and air-permeability tests were conducted at the ages
of 28, 56, and 90 days. The test schedule and the laboratory data sheets are presented in
Appendix D and Appendix E respectively.

6.1.3 Test Procedurefor Fresh Concrete Properties

Standard field tests are conducted on freshly mixed concrete to ensure that the material is
properly constituted to meet the requirements of a particular construction task. For most
construction projects involving the use of concrete, these field tests are the quickest and most
cost effective way to make certain that the composition of the concrete used is right for the job.
The tests conducted are the C143-Slump of Portland Cement Concrete, C231-Air Content of
Freshly Mixed Concrete (Pressure Method), and C1064-Temperature of Freshly Mixed Portland

Cement Concrete.
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6.2 TEST RESULTS

6.2.1 Fresh Concrete Properties

Table 6-2. Field Testsfor Quality Control of Fresh Concrete

: Slump Air Concrete
BridgeID (inches) Content Temperature

(%) (°F)

S05 of 82191 7 7 89

S06 of 82194 5 6.5 78

S26 of 50111 5 7.4 75

S20 of 50111 5 7.2 78

S05 of 82025 4 6.2 60

6.2.2 Construction Monitoring Samples

Tables 6-3, 6-4, and 6-5 show mean values and coefficient of variance for compressive strength,
elasticity modulus, and Poisson’s ratio respectively. Rapid Chloride Permeability Test (RCPT),
Ultrasonic Pulse Velocity (UPV), air permeability, and absorption test results are given in Tables

6-6, 6-7, 6-8, and 6-9 respectively.

All the tests were conducted according to ASTM Standards and the respective Standards are

given in Table 6-1. Air permeability tests were performed at University of Windsor.
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Table 6-3. Compressive Strength Test Results

Compressive Strength (psi)

BridgeID
fles COV (%) fe7 COV (%) feos COV (%) fess COV (%) COV (%)
S05 of 82191 | 3580 5.2 4248 5.0 5098 6.4 5913 2.4 6090 32
S06 of 82194 | 3748 3.2 4455 2.2 5067 4.9 - - 6245 4.0
S26 of 50111 | 4710 34 5353 4.0 - - 7098 2.0 7283 33
S20 of 50111 | 4708 1.9 5550 4.0 - - 7490 1.4 7417 1.4
S05 of 82025 | 5090 0.7 5650 23 6770 2.8 7628 1.9 7848 2.2
- Missing data

Table 6-4. Modulus of Elasticity Test Results
Modulus of Elasticity (ksi)

-* - Only two readings are available

-** _ Only three readings are available

BridgeID
, COV (%) E7 COV (%) Ezx COV (%) Es COV (%) COV (%)
S05 of 82191 | 4519 -k 4818 - 5216 koE 5392 2.9 5050 2.4
S06 of 82194 | 4761 -k 4654 - 5402 1.7 - - 4986 4.0
S26 of 50111 | 4195 -k 4515 - - - 4225 2.0 3953 1.4
S20 of 50111 4412 -k 4627 - - - 4432 0.6 4081 2.4
S05 of 82025 | 5424 -k 5386 - 5877 2.9 5665 0.8 5630 0.9
- Missing data



Table 6-5. Poisson’s Ratio Test Results

Poisson's Ratio

Bridge D Vs COV (%) v; COV (%) VvV, COV (%) vg COV (%) COV (%)
S05 of 82191 0.23 -k 0.24 -k 0.26 koE 0.24 2.4 0.25 54
S06 of 82194 0.25 -k 0.22 -k 0.25 2.5 - - 0.25 3.8
S26 of 50111 0.25 -k 0.24 -k - - 0.24 4.7 0.21 0.2
S20 of 50111 0.25 -k 0.25 ¥ - - 0.23 1.2 0.23 4.9
S05 of 82025 0.25 -k 0.26 -k 0.25 2.0 0.26 3.2 0.25 2.5

- Missing data

-* - Only two readings are available

-** _ Only three readings are available
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Table 6-6. RCPT Test Results

Bridge D Ta},{a\s?e RCPT (Coulombs)
#1 #2 #3 #4
28 4830 4670 5700 4765 4994 10
S05 of 82191 56 4770 4370 4940 3700 4445 12
90 5380 9720 8470 6340 7478 26
28 3880 3290 3350 3460 3495 8
S06 of 82194 56 - 7520 7020 - - -
90 - - - - - -
28 - 9220 - - - -
S26 of 50111 56 - - - - - -
90 8130 5850 6410 6780 6790 14
28 - 10660 - - - -
S20 of 50111| 56 5485 5955 6210 5740 5850
90 7700 7020 7800 6380 7230 9
28 - - - - - -
S05 of 82025 56 5390 9080 7700 7630 7440 21
90 6500 6730 9930 7190 7590 21

- Missing data

Table6-7. UPV Test Results

UPV Speed (in/sec)

Bridge 1D
7 Day 28 Day
S06 of 82194 - - 199,000 200,000 201,000
S26 of 50111 182,000 183,000 186,000 184,000 179,000
S20 of 50111 178,000 183,000 186,000 186,000 181,000
S05 of 82191 - - 194,000 196,000 196,000
S05 of 82025 195,000 193,000 203,000 206,000 206,000

- Missing data

154



Table 6-8. Air Permeability Test Results

Sl Test Age Intrinsic Gas Per meability (in%) 10
(Day) #1 #2 #3 #4 Mean
28 34 2.7 2.8 44 3.3 23.1
SO5 of 82191 56 3.1 3.1 4.9 44 3.9 24.0
90 - - - - - -
28 3.2 3.0 3.6 4.9 3.7 239
S06 of 82194 56 5.0 4.1 4.3 5.8 4.8 15.5
90 13.9 6.9 10.2 8.3 9.8 30.8
28 8.7 8.1 11.1 9.6 94 14.0
S26 of 50111 56 16.3 20.8 20.5 - - -
90 - - - - - -
28 54 59 6.0 53 57 6.0
S20 of 50111 56 13.4 10.4 13.2 94 11.6 17.1
90 - - - - - -
28 - - - - - -
SO5 of 82025 56 2.3 3.2 34 34 3.1 18.1
90 - - - - - -
" Missing data

Table 6-9. Absorption Test Results

Volume of Permeable Pore Space (Voids), %

Bridge D
28day COV (%) 56day COV (%) 90day COV (%)
S05 of 82191 10.7 1.7 13.5 6.4 12.4 5.1
S06 of 82194 10.5 3.3 11.6 14.9 12.7 8.7
S26 of 50111 13.4 5.0 13.2 4.5 14.0 5.7
S20 of 50111 12.6 5.4 12.0 4.5 12.7 2.4
S05 of 82025 12.4 4.9 13.1 3.2 12.3 4.0
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6.3 CONCLUSIONS

Determination of mechanical and permeability properties of concrete is accomplished through
several standard tests. Mechanical properties of deck concrete are obtained from compressive
strength and elasticity modulus tests in accordance with ASTM C39 and ASTM C469
respectively. In addition, the ultrasonic pulse velocity (UPV) test is performed in compliance
with ASTM C597 to evaluate relative quality of concrete and to obtain elastic properties of deck
concrete. The rapid chloride permeability test (RCPT) is performed in accordance with ASTM
C1202 for evaluating the concrete resistance to chloride ion penetration. Permeability properties
of deck concrete are obtained from the absorption and the air-permeability tests. The absorption
test is performed in compliance with ASTM C642. The air-permeability test is performed using

a special apparatus not yet specified by ASTM.

The conclusions that are drawn from the test results are as follows. Grade D concrete is used for
concrete bridge decks in Michigan and the design compressive strength is 4000 psi, with a 28-
day strength of 4500 psi. Test results indicate that out of the five bridges monitored, in possibly
three of the bridges, deck concrete gained 28-day compressive strength in excess of 6000 psi.
Concrete with a 28-day compressive strength greater than 6000 psi is classified as high strength
concrete and requires special construction procedures. In addition, rapid increases in
compressive strength and elasticity modulus are observed. Test results show that the strength
and elasticity modulus of concrete increases with the age but the concrete resistance to
permeability does not improve as expected. Therefore, there is no clear correlation between
mechanical and permeability properties of concrete samples obtained from field samples.
Though the strength requirements are satisfied as per design codes, durability of deck concrete is

uncertain.
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7 PARAMETERSINFLUENCING DECK CRACKING
7.1 OVERVIEW

The findings described in the chapters of this report — Literature Review, Multi-State Survey, and
Construction Monitoring, indicate that there are a limited number of factors that influence early-
age cracking of reinforced concrete bridge decks. The major parameter influencing early-age
deck cracking is established to be the volume change due to shrinkage and thermal effects
combined with the restraints caused by the girders and boundary conditions. It is also
established that early-age cracking is the leading type of distress and its reduction or prevention

will improve bridge deck service life.

Shrinkage and thermal effects are inherent to concrete construction. Cement hydration is an
exothermic process that generates heat and consequently a temperature difference between the
concrete mass and the ambient air. As discussed in Chapter 2, several factors affect the heat
magnitude that develops within the concrete mass. At a specific duration after placement, during
the hydration process, the concrete mass reaches its peak temperature. Consequently, a
temperature gradient is formed between the interior and the exterior surface of the deck. As a
result of the cooling process, tensile stresses develop at the bottom of the deck where the

restraint is the highest.

There are computational tools to estimate the level of tensile stresses that will develop at the
deck-girder interface due to volume change. Krauss and Rogalla (1996) derived a group of
equations for calculating the restraint in a composite reinforced concrete bridge deck subjected to
uniform and linear temperature distributions. These equations first calculate the girder and
reinforcement restraints. The stresses due to the restraints at the top and bottom fibers of the
deck are calculated next. The formulation considers multiple layers of reinforcement in the deck
to account for the restraint effects of longitudinal deck reinforcement as well as stay-in-place
(metal) forms. The evaluations of these equations for a Michigan deck are described in a

subsequent section.

Using the equations derived by Krauss and Rogalla (1996), tensile stress developed at the deck-

girder interface of a standard 9-inch concrete deck supported on Michigan 1800 girders (Figure
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7-1) is calculated. A uniform temperature distribution within the concrete deck is assumed

Figure 7-2). The peak thermal load is assumed to be reached at 12 hours after placement.

Thermal loads alone can generate significant stresses within the deck; for example, an 18 °F of
differential thermal loading in conjunction with a typical girder restraint generates a tensile stress
of 150 psi at the bottom of the deck. The tensile strength of concrete at early-age (12 hours after

placement) can equal to the level of tensile stress developed at the bottom of the deck.

) p=120 ﬁlEEﬂ #a i dri=2.'?r5
= 7 &

*.rl;b.......'...

" s

o

Crirdler Centroid

Michigan 1200 Girder — g

* All dimensions are ininches

Figure 7-1. Geometry and reinforcement arrangement of the deck section supported on PCI girders
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AT =1

Figure 7-2. Uniform temperature distribution within the deck

Drying shrinkage begins as soon as concrete is placed. As discussed in Chapter 2, several factors
affect drying shrinkage. Until concrete starts hardening, stresses do not develop due to lack of
available restraint. When wet curing is not promptly initiated, though curing compound is
applied, drying shrinkage stresses can develop. There are several shrinkage prediction models
that estimate drying shrinkage following wet or moist curing. In this study, the interest is to
calculate the drying shrinkage strain that forms before wet curing begins. Although, specific
models for predicting the amount of very early-age drying shrinkage are not available, the
formulation discussed in Chapter 2 for determination of rate of water evaporation from fresh
concrete gives an indication of the importance of implementing appropriate curing procedure

immediately upon concrete placement.

If drying shrinkage alone can be the cause of deck cracking at very early-age (12 hours after
placement), a tensile stress of 150 psi at the bottom of the deck, which is about the same level as
the tensile strength of concrete at that age, is required. Given the deck restraints from the girders
and reinforcements, in order to generate a 150 psi tensile stress at the bottom of the 9-inch deck
supported on Michigan 1800 girders, a drying shrinkage strain of 150 microstrain is required.
According to ACI 209 (2001) the ultimate shrinkage strain of concrete is about 780 microstrain.
Thus, attainment of a strain of 150 microstrain, which is 20% of ultimate shrinkage, within a day
only due to drying shrinkage, is not realistic. For this reason, drying shrinkage cannot be the

primary cause of deck cracking. The thermal loads must be the governing factor for early-age

159



deck cracking. However, the volume change due to shrinkage and thermal loading occurs
simultaneously. Though the shrinkage contribution alone cannot induce cracking, the combined

effects of shrinkage and thermal loading increase the cracking potential.

In order to provide a quantifiable detailed assessment of the volume change and restraint effects
on early-age cracking, the knowledge of the change in the mechanical properties of concrete
during early-age is important. The testing program conducted in this research obtained the
compressive strength and elasticity modulus of concrete at 3, 7, 28, 56, and 90 days. The models
for thermal and shrinkage effects require mechanical properties of concrete between 12 to 48
hours be known. For this reason, the estimation of compressive strength, elasticity modulus, and

tensile strength of concrete at very early ages are discussed in the next section.

Shrinkage models can predict the shrinkage starting from the end of the wet or moist curing
process. Although it is established that stresses due to thermal load alone can initiate deck
cracking, volume change due to drying shrinkage will expose the cracks by increasing the width.
Though the objective is to determine the causes of early-age deck cracking, the mitigation is not
feasible unless all factors are investigated. For this purpose, the shrinkage prediction models are
discussed for the quantification of shrinkage within the concrete deck upon the completion of

wet curing.

7.2 PREDICTION MODELSFOR MECHANICAL PROPERTIESOF CONCRETE

The purpose of using the mechanical property prediction models is to have a continuous
relationship describing concrete strength and elasticity modulus (stiffness) with respect to time.
The following sections explain the process for selection of the prediction models to express the
variation of compressive strength and modulus of elasticity of concrete with respect to time. To
understand the initiation of concrete cracking, knowledge of direct tensile strength of concrete is
required. A prediction model for direct tensile strength of concrete is also presented in a

following section.

7.2.1 Compressive Strength

The two concrete compressive strength prediction models compared here are given by ACI and

CEB-FIP.
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ACI Committee 209 recommended model for moist-cured concrete made with normal Portland
cement (ASTM Type I):

t

14085 /o -1

(f)=
The relationship suggested by CEB-FIP Models Code (1990) for concrete specimens cured at 20
°C (Mehta 1993):
12
U — 28 ’
(f),=exp| s I=| ——| ||(fc)a (7-2)
t/t)
where (f°.);= mean compressive strength at age ¢ days
(f’c)2s = 28-day compressive strength
s = coefficient depending on the cement type, such as s = 0.2 for high early strength
cements; s = 0.25 for normal hardening cements; s = 0.38 for slow hardening cements
t = time in days

1= l—day

Both CEB-FIP and ACI 209 models require 28-day concrete strength for calculating compressive
strength variation against time. A complete set of compressive strength test data is available
only for three out of five bridge deck replacement projects (see Chapter 6). Therefore, CEB-FIP
and ACI 209 predictions are compared with the test results obtained from deck concrete of
bridges S05 of 82191, S05 of 82025, and S06 of 82194. Experimental data generated in this
study shows high early-age strength. In that case, CEB-FIP Models Code (1990) requires using s
= 0.2 for Eq. 7-2. When s = 0.2 is used, Eq. 7-2 represents a higher early-age compressive
strength than Eq. 7-1. Consequently Eq. 7-2 provides more accurate predictions for 3 and 7 days
than Eq. 7-1 (Figure 7-3, Figure 7-4, and Figure 7-5). Within the total time spectrum of interest,
CEB-FIP model provided the best fit with the experimental results obtained in this study.
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Figure 7-3. Compressive strength variation against time (S05 of 82191)

8000

7000 -

6000 -

5000 -

4000 -

3000 ~

2000 -

1000~~~ = === = oo
—X— Test —m— CEB-FIP —4&— ACI 209

3 7 28 56 90
Time (Days)

Figure 7-4. Compressive strength variation against time (S05 of 82025)
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Figure 7-5. Compressive strength variation against time (S06 of 82194)

7.2.2 Elasticity Modulus

ACI Committee 209, ACI 318, and CEB-FIP are the most commonly used models for the

prediction of static modulus of elasticity.

The model recommended by ACI Committee 209 is given as:

1/2

Ect = gct [Wj(f;:)t] (7_3)
where w is the unit weight of concrete in pcf and g = 33 is a constant.

The model most commonly used in the literature and in ACI 318 is:

Ea=57000\/( 1), (7-4)

The relationship suggested by CEB-FIP Models Code (1990) (Vincent 2003):

Eot = Ece[S/Z(I—\/ZS/t)] (7-5)

where E. is the mean modulus of elasticity of concrete at 28-days (psi).

ACI 209 and ACI 318 models require concrete compressive strength for calculating variation of

elasticity modulus against time. Similarly, CEB-FIP model requires 28-day mean modulus of
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elasticity of concrete. A complete set of compressive strength and elasticity modulus test data is
available only for two out of five bridge deck replacement projects (see Chapter 6). Therefore,
CEB-FIP, ACI 318 and ACI 209 predictions are compared with the test results obtained from
deck concrete of bridges S05 of 82191 and S05 of 82025.

Figure 7-6 and Figure 7-7 show the comparison of the three models with their experimental

counterparts.
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Figure 7-6. Variation of elasticity modulus against time (S05 of 82191)
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Figure 7-7. Variation of elasticity modulus against time (S05 of 82025)

Another method for calculating the elasticity modulus is by the use of ultrasonic pulse velocity
(UPV) measurements (ASTM C215-97 1998). From UPV measurement, a dynamic modulus of
elasticity is calculated. A ratio of static to dynamic moduli (Ey/Ey) is proposed by Carino (1991).

E%dzo.%g + 0.0871 X10_6Es (7-6)

This Eq. 7-6, which is referred to as the CRC model in this document, is empirical in nature. It is

proposed that the acceptable range of results is within 10% of the mean.

Table 7-1 shows the Ey/E4 ratio calculated using the data generated in this research and Eq. 7-6.
The variation of test results was also compared with the applicable range proposed using the

CRC model (Figure 7-8).

After the evaluation of all the potential models, CEB-FIP model provided the best fit with the

experimental results obtained in this study within the total time spectrum of interest.
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Table 7-1. Ratio of Static to Dynamic Moduli

BridgeID =) Eq (ks)

4213 6432 0.66 0.81
4316 6569 0.66 0.83

S 05 of 82191
4177 6423 0.65 0.82
4303 6387 0.67 0.83

1.00

—_ 095 | ¥=0.053x+0.4259 Ak

3 R*=0.4163

o 0.90 +

=

© 0.85
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Figure 7-8. The comparison of CRC model predictionsand the test data

7.2.3 Direct Tensile Strength

ACI Committee 209 recommends the following equation for computing average values for direct

tensile strength (ﬁ)

, N7
fi=gvs)]
where w is unit weight of concrete in pcf, and g; is given as 1/3.

7.24 Concrete Strain

(7-7)

Assuming concrete behaves as an elastic brittle material in tension, concrete strain at cracking

can be calculated using Hooke’s law for tensile strength and elasticity modulus.
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e=fJE (7-8)

where £1is the strain, f ; 1s the tensile stress, and E is the elasticity modulus.

Concrete will crack when strain due to volume change exceeds the concrete strain calculated

using Eq. 7-8 and with sufficient accompanying stress due to restraint effects.

7.3 THERMAL STRAINSAND STRESSES
7.3.1 Overview

As demonstrated in Section 7.1, the stresses developed due to thermal load of 18°F may initiate
deck cracking. In order to fully evaluate thermal effect, a rigorous analysis of the cracking
potential of newly placed concrete decks is performed from the data collected during

construction monitoring and the early-age mechanical properties established in Section 7.2.

7.3.2 Tensle Stress Development in Decks Under Thermal L oads

Krauss and Rogalla (1996) provided a system of equations to calculate the restraint in a
composite reinforced concrete bridge deck subjected to uniform and linear temperature
distributions. The girder and reinforcement restraints provide a means of calculation stresses at
the top and bottom of the deck. The equations consider multiple layers of reinforcement in the
deck to account for the restraint effects of longitudinal deck reinforcement and stay-in-place
(metal) forms. These equations are based on basic mechanics principles, and only consider the

decks with simply supported girders.

Eq. 7-9 to Eq. 7-13 given below are a means for calculating deck stresses under a uniform
temperature distribution:
_2(1-p)

S Cal 3 [— 3(Q+ 5 (dr Fr)) +1Q2F + i(mﬂ + g (14 1(T) ~ To) =
Edeckpt i=1 i=1

E beam

Abeam I beam [ beam

-1 F :F
( + dl + dej-'-abeam (TZ_TO) (7-9)
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6(1- ,le)[— 2(0+ lné (dri Fr),) +i(F + ,WZ:{ (Fr,-))}

+
: = W F*O (7-10)
Edeckpt Ebeam [beam

1-1° (6 12dr.j[€ r j( )[€6dr. 4) (6dr. 2)

-~ l + idri) |t i S—— [t F - —

Edeckp{(tz £ o E(Fr dr) Zl(Fr) £t £t ot

_ Fri
+ Goean(L+ LN T1 = To) = ——+ it (T = To)  (7-11)
Vi L reinf

Eq. 7-9 to Eq. 7-11 are for determining the restraint forces. The stresses at top and bottom fibers

of the deck are calculated from Eq. 7-12 and Eq. 7-13 upon calculating the restraint forces.

F- %Fri Fa-Q+ %[Fri(a _dri)]
_ 1=1

i=1

FacekTop A deck Sdeck (712)
nr nr
F- ’leri Fa-Q+ ’zl[Fri (a - dri)]

— = i=
f deckBot A deck + Sdeck (7-13)
where:
Opeam = Coefficient of thermal expansion of the beam
Olgeck = Coefficient of thermal expansion of the deck concrete
Oreint = Coefficient of thermal expansion of the reinforcement
& = Strain in direction i, elongation positive
VI = Poisson’s ratio of the deck
f; = Stress in direction i, tensile stresses positive
a = Half of the deck thickness, = t/2
Apeam = Area of the beam
Adeck = Area of the concrete deck, = pt
Ar; = Reinforcement area of layer i
d; = Distance to girder centroid from deck soffit
dr = Depth of deck reinforcement layer i, from upper surface of the deck
Ebeam = Effective modulus of elasticity of the beam
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Edeck = Effective modulus of elasticity of the deck

Ercint - Effective modulus of elasticity of the deck reinforcement
F = Interface shear

Fr; = Force in reinforcement layer i, positive denotes tensile force
i = Reinforcement layer number

Theam = Moment of inertia of beam

Tdeck = Moment of inertia of the deck, = pt3/ 12

nr = Number of reinforcement layers in the deck

Q = Interface moment (force couple)

Sdeck = Section modulus of deck, = pt2/6

t = Deck thickness

Ty = Initial temperature of bridge

T, = Later temperature at upper surface of deck

T, = Later temperature of beam

Tr = Later temperature of reinforcement layer i

7.3.3 Thermal Stresseson a Typical Michigan Deck

Concrete deck reaches peak temperature at sometime during hydration. As the cooling process
starts, tensile stresses develop at the bottom of the deck where the highest restraint exists. The
ACI 207.2R (2001) procedure (described in Chapter 2) is used for determining the peak

temperature and the time at which the peak temperature forms.

The time required for concrete to achieve peak temperature is determined from the volume to
exposed-surface ratio of the bridge deck and the concrete temperature at the time of placement.
The concrete temperature at the time of placement is assumed to be equal to the ambient
temperature. According to ACI 207.2R (2001), the temperature of concrete placed during hot
weather may exceed the mean daily ambient air temperature by 5 to 10 °F unless measures are
taken to cool the concrete or the coarse aggregate. An analysis is performed considering ranges
of ambient temperature as well as cement fineness. For night casting during summer months, the
time to peak temperature is calculated as 12 hours within the placement temperature range that is
assumed based on the ACI 207.2R (2001) requirements and the ambient temperature (Table 7-2).

During late season daytime construction, the time to peak temperature is calculated to be
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between 18 - 36 hours corresponding to upper and lower limits of placement temperature. Often
retarders are used in the concrete mix in late season deck placement projects. It is assumed that
the time to peak temperature with retarders is delayed for six hours beyond the time calculated
using the ACI procedure. With the use of retarders, during late season daytime construction, the

time to peak temperature is assumed to be between 24 — 42 hours (Table 7-2).

In this analysis a typical 9-inch concrete deck supported on Michigan 1800 girder is used to
investigate the development of thermal stresses at the deck bottom under temperature loads. The
cement content of 7 sacks/yd’ and other parameters required in the thermal load calculation are

given below in Table 7-2, Table 7-3, and Table 7-4.

Table 7-2. Parametersused for Calculating Peak Differential Temperaturein Deck Concrete

Summer L ate Season
(Night Casting) (Daytime Casting)

85}1;3?; (Type 1) 658 658
Range at Placemen (F) 65-75 4055
%/il)atlve Humidity 60 45
gﬁﬁﬁt& ;Fagr)lperature at 70 — 80 45— 60
E{:;rs‘znmte?)“e“ess (ft/1b) 1173 - 1466 (2400 - 3000 cm®/g)
;{Elfngg ft’l‘f‘(’;e)d 0.75 (for 9 in. deck)

Table 7-3. Mechanical Propertiesand Ambient Temperature at the Time of Peak Temperature

Par ameters Summer L ate Season
(Night Casting) (Daytime Casting)
Time to Peak Temperature 12 42 24
(hours)
Ambient Temperature during 75 - 85 30 55

Concrete Peak Temperature (F)
Compressive Strength

1400 (at 12 hours) | 3500 (at 42 hours) | 2750 (at 24 hours)

(psi)

glasn(clgyi)M"d“h‘s 2300 (at 12 hours) | 4200 (at 42 hours) | 3750 (at 24 hours)
deck

Tensile Strength (psi) 153 242 214
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Table 7-4. Differential Deck Temperature for Construction Season and Cement Fineness
Summer L ate Season

(Night Casting) (Daytime Casting)

(Cﬁezr/rllg;“ Fineness 1173 1466 1173 1466
Ambient Air and Deck Concrete

Temperature Differential 28 - 37 39-49 24 -26 28 - 30
AT deck (F)

The additional parameters used in the thermal load calculations are (Figure 7-1 and Figure 7-2):

Opeam = 6.0x107 in./in./°F (Coefficient of thermal expansion of the concrete beam) (AASHTO
1998)
Olgeck = 8.33x10°® in./in./°F (Coefficient of thermal expansion of the deck concrete) (RILEM-

42-CEA 1981)

Opeinf = 6.7x10® in./in./°F (Coefficient of thermal expansion of the reinforcement) (Krauss
and Rogalla 1996)

VI =0.25 (Poisson’s ratio of the deck)

a =t/2 = 4.5 in. (Half the deck thickness)

Apeam =875 in? (Area of the beam)

Adeck =pt=1080 in? (Area of the concrete deck)

Ary =1.32 in? (Reinforcement area of layer 1)

Ar, = 1.86 in” (Reinforcement area of layer 2)

d; = 37.6 in. (Distance to girder centroid from deck soffit)

dr; = 2.76 in. (Depth of top longitudinal reinforcement from upper surface of the deck)
dr, =7 in. (Depth of bottom longitudinal reinforcement from upper surface of the deck)
Ebeam  =4000 ksi (Effective modulus of elasticity of the concrete beam)

Ercint = 29,000 ksi (Effective modulus of elasticity of the deck reinforcement)

Tbeam = 624,700 in* (Moment of inertia of beam)

Tgeck = pt’/12 = 7290 in* (Moment of inertia of the deck)

p =120 in. (Effective deck width)

Sdeck = pt¥/6 = 1620 in’ (Section modulus of deck)

t =9 in. (Deck thickness)
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During the period of rising concrete temperature, stay-in-place or wooden forms keep the deck
edges and the bottom insulated. Thus, it is reasonable to assume that the increase in deck
temperature will not affect the girder temperature. Hence, the girder temperature will be same as
the ambient temperature. In addition, a uniform temperature distribution within the deck can be
assumed since the deck thickness is small compared to the length and width (Figure 7-2). Based
on these assumptions thermal load calculations, Eq. 7-9 — Eq. 7-11 are first solved to calculate
the restraint forces. For a standard Michigan bridge deck Eq. 7-11 is solved for each
reinforcement layer. Finally, Eq. 7-13 is used to calculate the stress at bottom of the deck due to

the thermal load.

Assuming uniform deck temperature (Figure 7-2), Eq. 7-9 is simplified as given below:

.2 2 _ .2
A-u0) ! + di F+ o “2)+ di 0
Edeck Pt Epeam Abeam  E beam I beam E geck Pt E veam I beam
21-pd) 201-p?)
t———EBdrn O Fnt——— 5 Bdrt) Frat
Edeckpt Edeckpt
A deck a +“)(_ATdeck) =0 (7-14)

The top fiber strain of the beam is due to the force (F) and the moment (Q) developed at the
deck-girder interface from the uniform thermal load (Figure 7-9). Assuming compatibility, the
strain at the bottom of the deck and the top of the girder will be equal. With decreasing
temperature, deck shrinkage generates tensile stresses at the deck bottom from the restraint

imposed by the girder.
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&

Figure 7-9. Compatibility shear force and moment at deck-girder interface

The Eq. 7-10 is also simplified using the Michigan deck parameters as follows:

61-p*) _ i }F{—lza—uz)_ Ly

E gock P tz E veam I peam E geck P l3 E veam I beam

6(1-p* 6(1-p?
ST (2 gy +0) g+ (2 gy 4 1) ey =0 (7-15)

Edeckpt Edeckpt

The equation is developed from the beam curvature under a uniform thermal load on the deck

(i.e., M/EL; where M is the moment, E is the elasticity modulus, and I is the moment of inertia).

There are multiple (two) reinforcement layers and, Eq. 7-11 is solved independently for each

layer. For the top layer Eq. 7-11 is written as;

Edeck P Zz t Edeck P ZZ 13
2
1-u% ([ 6 12dr1J (641;/1 4}} 1
D= gy | 22—+
Edeckp((l‘z f3 ! f2 ! Ar1Ereint :
2
1-u” ([ 6 lzde (6dr1 4]}
- dra* —— | |Fra*
Edeckp[(l‘2 t3 ? Zz !
|_G deck(1+u)_areian(ATdeck) =0 (7-16)
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The uniform thermal load assumption suggests that the two layers of reinforcement and concrete
deck are subjected to equal thermal load. Substituting the deck and thermal parameters in Eq. 7-
11 for the top reinforcement layer, Eq. 7-16 is developed. Similarly, Eq. 7-17 is developed by

substituting the parameters for the bottom reinforcement layer.

E geck P l‘2 4 E geck P f2 t3

E dgeck P tz t3

| o
|
—
[\®)
Sy
[\)
N—
53
+
7\
o
N[\)%‘
[\)
|
| &
N—
N—
3
+

2
1-u% (6 12dr2J {60,’,»2 4D 1
= ey | 222 ey
Edeckp[(l‘z t3 ? tz t Ar2 E reinf ’
|_G deck(1+u)_areian(ATdeck) =0 (7-17)

Equations 7-14, 7-15, 7-16 and 7-17 can now be solved simultaneously for F, Q, Fr;, and Fr,.
These parameters are then substituted in Eq. 7-13 to calculate the stress at the bottom of the

deck. The results of the thermal load analysis are summarized below in Table 7-5.

In Table 7-5 two cement different fineness values (1173 ft*/1b and 1466 ft*/Ib) are used in the
calculations. The lower fineness value leads to lower heat of hydration thus defined on the lower
bound solution and vice versa. Different ambient temperature bounds were assumed for night
casting in the summer and daytime casting in late-season construction. The deck placement
projects that are carried out during late October and November are defined as late season
construction. The time required for concrete to reach peak temperature is calculated based on
cement type, volume to exposed-surface ratio of the deck, and the concrete temperature at the
time of placement. ACI 207.2R (2001) requirements and the assumed ambient temperature
range are used to establish the concrete temperature at the time of placement. For night casting,
the time to peak temperature is calculated as 12 hours within the concrete temperature range of
65-75 °F at the time of placement, whereas for daytime casting, the peak temperature is achieved

between 18 - 36 hours corresponding to upper and lower limits of concrete temperature during
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the time of placement. Retarders are more commonly used in the concrete mix during late
season construction. For late season construction, six hours are added to the time values

calculated from the ACI procedure to account for the effects of retarders.

The calculated thermal load for a cement fineness of 1173 ft*/lb and ambient temperature of 65
OF is 28 °F. For the same cement fineness and ambient temperature of 75 °F, the thermal load is
37 °F. This range of thermal load (28 — 37 °F) develops a tensile stress range in the deck of 237-
313 psi as shown in Table 7-5. The tensile stress developed in the bridge deck is greater than the
concrete tensile strength (refer column 2 of Table 7-5). Similar interpretations can be drawn for

the data shown in the other columns of Table 7-5.

When cement fineness increases, rate and amount of strength and elasticity modulus gain as well
as heat generated during hydration process increase. The effect of fineness on heat of hydration
is accounted in the models given in ACI 207.2R (2001). However, the models used to predict
the strength and elasticity modulus of concrete against time do not account this factor, hence,

same values are used under different cement fineness values.

Table 7-5. Stress Developed at the Bottom of the Deck dueto Thermal Effects (7 Sacks of Cement)

Summer L ate Season
Parameters (Night Casting) (Daytime Casting)

‘ Lower Bound Upper Bound Lower Bound Upper Bound
(1) (2) (©) (4) (5)

Cement Fineness

(f2/1b) 1173 1466 1173 1466
ér)nblent Temperature Range 65 - 75 65 - 75 40 - 55 40 - 55
Time to Peak Temperature 12 12 47 24
(hours)

Difference in Ambient and

Deck Concrete Temperature 28 -37 39-49 24 -26 28 -30
AT deck (F)

Tensile Stress (psi) 237 - 313 329 -414 263 - 285 292 - 313
Tensile Strength (psi) 153 153 242 214
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7.3.3.1 Effect of Cement Content on Thermal Stresses

The effects of reducing the cement content are investigated for contents of 6 sacks (564 1b/yd®)
and 4 sacks (376 Ib/yd’) under constant water/cement ratio. Mechanical properties of concrete

for 4 and 6 sacks of cement are given in Table 7-6 and Table 7-7.

Table 7-6. M echanical Propertiesof Concrete with 6 Sacks of Cement

Parameters .Summer. the Season
(Night Casting) (Daytime Casting)
Time to Peak Temperature (hours) 12 42 24
Compressive Strength (psi) 1215 3033 2383
Elasticity Modulus (ksi) 2131 3758 3348
Tensile Strength (psi) 142 225 199

Table 7-7. Mechanical Properties of Concrete with 4 Sacks of Cement

Parameters _Summer_ La.te Season
(Night Casting) (Daytime Casting)
Time to Peak Temperature (hours) 12 42 24
Compressive Strength (psi) 795 1983 1558
Elasticity Modulus (ksi) 1724 2538 2250
Tensile Strength (psi) 115 182 161

When 6 sacks of cement are used, the calculated thermal load is 24 0F, for a cement fineness of
1173 ft*/Ib and an ambient temperature of 65 °F. For the same cement fineness, if ambient
temperature is increased to 75 °F, the thermal load is increased to 31 "F. At this thermal load
range (24 — 31 °F), the range of tensile stress developed in the deck is calculated to be 196-253
psi. The tensile stress in the bridge deck is greater than the tensile strength of 142 psi. Under
similar exposure conditions and cement fineness, if 4 sacks of cement are used, the range is
reduced to 14 — 19 °F and the range of tensile stress developed in the deck is 104-141 psi (refer
column 2 of Table 7-8). The stresses due to thermal load are about equal to the tensile strength

of 115 psi. Similar interpretation can be drawn for the data shown in the other columns of Table

7-8.
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Table 7-8. Stress Developed at the Bottom of the Deck dueto Thermal Effects (6 Sacks & 4 Sacks of Cement)

L ate Season
(Daytime Casting)

Parameters

@)

Summer
(Night Casting)

Lower Bound Upper Bound Lower Bound Upper Bound

Cement Fineness (ft*/1b) 1173 1466 1173 1466
G;Tblent Temperature Range 65 - 75 65 - 75 40 - 55 40 - 55
Time to Peak Temperature 12 12 42 24
(hours)
6 sacks of cement
Difference in Ambient and
Deck Concrete Temperature 24 -31 33-42 22 -25 26
AT deck (F)
Tensile Stress (psi) 196 - 253 270 - 343 230 -261 258
Tensile Strength (psi) 142 142 225 199
4 sacks of cement
Difference in Ambient and
Deck Concrete Temperature 14-19 20 - 26 16 - 22 23
AT deck (F)
Tensile Stress (psi) 104 - 141 149 - 193 141 - 194 192
Tensile Strength (psi) 115 115 182 161

Analysis results given in Table 7-8 show that the use of lower cement content lowers the thermal
load significantly but the tensile stresses are still in excess of tensile strength. Tensile strength
and modulus of elasticity are also lower for concrete with 4 and 6 sacks of cement. It is possible
to achieve lower tensile stress using coarse cements. The highest fineness used for these
calculations is 1466 ft*/Ib (3000 cm”/g). Use of the fineness value of cement is limited to 1466
ft*/Ib by the graphs provided in ACI 207.2R (2001) for calculation of the peak temperature and
the age of concrete at peak temperature. The cement mill reports (see Appendix C) obtained
from the concrete supplier indicate the fineness of cement of 1774 ft*/Ib (3630 cm®/g). An
increase in the cement fineness further increases the level of heat generated within the concrete
mass, resulting in a greater thermal load. Though not accounted in the analysis, increase in

cement fineness results higher rate and amount of strength and elasticity modulus gain.

7.3.3.2 Effect of Girder Type on Thermal Stresses

The analysis performed on a typical 9-inch deck supported on Michigan 1800 girder showed that

the thermal stresses at bottom of the deck is sufficiently high enough to cause early-age deck
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cracking. Generally, three types of girders are used in Michigan with 9-inch concrete decks —
PCI, PC spread box, and steel. Further analysis on thermal stress development is performed in
order to investigate the effects of girder types on deck cracking due to thermal loading. Figure
7-1, Figure 7-10, and Figure 7-11 show the geometric properties and the reinforcement
arrangements within the bridge decks. Table 7-9 Summarizes the geometric properties of bridge

decks supported on various girder types.

SEA#3 =
b= Y |dr=276
7 >
h i ° 4 ® ®
Il (o) — - - = T

2EA#5

A

Y

Girder Centroid

BII-36 Spread Box Girder —»

* All dimensions are in inches

Figure 7-10. Geometry and reinforcement arrangement of the deck section supported on PC spread box

girders
) p =6l TEA#3 ‘dr1=2.?'ﬁ
. ulf
I o - * . - o’ * —
Ey L |
— | . g . *
/\ | | 4
4FEA#5
d,=17.92
Girder Centroid | ISR S, A
W3Az230 Steel Girder . . o
(English) I * Al dimensions are ininches

Figure 7-11. Geometry and reinforcement arrangement of the deck section supported on steel girders
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Table 7-9. Summary of Geometric Properties of Bridge Decks

Girder t P Abem Adek Arr A d; di di2 | beam | deck

Type (in) (in) (in’) (in®) (in%) (in) (in) (in) (in*)  (in")
PCI 9 120 | 875 1080 | 1.32 1 1.86 | 37.6 |2.76 | 7 | 624,700 | 7290 | 1620
Sgoe)?d 9 72 16205 648 | 0.88 | 0.62 | 16.71 | 2.76 | 7 85,153 | 4374 | 972

Steel 9 | 61 | 67.6 | 549 |0.77 | 1.24 | 17.95 276 | 7 | 15,000 | 3706 | 824

With the given geometric properties and early-age mechanical properties of concrete
(compressive strength of 1400 psi and elasticity modulus of 2300 ksi), and a 25 °F uniform
thermal load on the deck, tensile stress magnitudes at the deck-girder interface are calculated and

given in Table 7-10 below.

Table 7-10. Tensile Stress Developed at Girder-Deck Interface

Tensile Stress at Girder-Deck I nterface

Girder Type o)
PCI 211
Spread Box 249
Steel 260

According to this analysis, the bridge decks supported on PCI girders have the least potential to

crack under thermal loading while decks with steel girders show the highest potential.

7.3.3.3 Effect of Girder Spacing on Thermal Stresses

The analysis is performed on a typical 9-inch deck supported on W36x230 girders. Three
different girder spacings were considered - 61-, 71-, and 91-inches. Summary of bridge deck

geometric properties are given in Table 7-11.

Table 7-11. Summary of Geometric Properties of Bridge Decks

Girder
I p Abeam Adeck Arl Ar2 d]_ drl

Sp("’i‘f)”g (n) (n) () (in) (n)  (in)

61 9 | 61 | 67.6 | 549 |0.77 | 1.24 | 1795|276 | 7 | 15,000 | 3706 | 824

71 9 | 71 | 67.6 | 639 | 0.88 | 1.55|1795 (276 | 7 | 15,000 | 3706 | 824
91 9 | 91 | 67.6 | 819 |1.10 | 1.86|17.95 276 | 7 | 15,000 | 3706 | 824
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With the given geometric properties and early-age mechanical properties of concrete
(compressive strength of 1400 psi and elasticity modulus of 2300 ksi), and a 25 °F uniform
thermal load on the deck, tensile stress magnitudes at the deck-girder interface are calculated and

given in Table 7-12 below.

Table 7-12. Tensile Stress Developed at Girder-Deck Interface

Girder Spacing Tensile Stress at Girder-Deck Interface
(in) (psi)
61 260
71 253
91 249

According to the analysis, increased girder spacing reduces the restraint effects on the deck and

reduces the tensile stress at deck-girder interface due to volume change loads.

74 METHODSFOR ESTIMATING SHRINKAGE STRAIN
741 Overview

To improve the design of bridge decks, the material behavior under drying has to be
characterized more accurately. Even though predictions of humidity may not be very accurate,
the shrinkage strains that develop is dependent on the humidity of the environment (Bissonette
1999). Performance-based specifications, on shrinkage limits, will be useful for control of deck

cracking (Mokarem et al. 2003).

The shrinkage predictions of concrete are based on ACI 209 and CEB-FIP models. Other
models reported in the literature are derived from these two (Hani et al. 2003). Some researchers
tried to evaluate shrinkage under different curing procedures. Mokarem et al. (2003) used
crushed limestone gravel and diabase in concrete mixes in order to see the effects of aggregate
type. For all types of aggregate, CEB-FIP model was found to be a better predictor than ACI
209. Although, ACI 209 is considered poor in overall prediction of drying shrinkage, Hani et al.
(2003) suggested it is a good predictor for 28-day shrinkage. On the other hand, the CEB-FIP is

a good prediction model for early ages.

The mathematical formulations of prediction models are similar. Each model has an ultimate

shrinkage calculation that predicts total long-term shrinkage for given strength and cement type.
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For different cement types and mix designs, ultimate shrinkage is a constant only in ACI 209.
The shrinkage is a time-dependent function with its value based on drying time of concrete. The
drying time of concrete is the difference between its age (t) and duration of wet curing (t;). The
shape of the concrete element is incorporated in shrinkage models as volume to exposed-surface
ratio. The relative humidity component is represented as the average humidity of the
environment. There are several limitations to the various shrinkage prediction models that are

described in Table 7-13.

Table 7-13. Limitations of Shrinkage Prediction M odels

ACIl 209 CEB-FIP90 Bazant B3 GL 2000
2) 3) “) ()
}\4?5111 28-day compressive strength NA* 2,900 — 13,000 | 2,500 — 10,000 | 2,900 — 10,000
Aggregate/Cement NA NA 2.5-135 NA
Cement Ibs/ft’ NA NA 10— 45 NA
Water/cement ratio NA NA 0.3-0.85 NA
Relative Humidity (%) 40-100 40-100 40-100 40-100
Cement Type Torlll R, SL, or RS L I, or 111 L II, or III
Age of concrete at which the
shrinkage strain is interested (t) or
age at which concrete starts drying 27 days te< 14 days st 22 days
(t.) (Moist cured)
t or tc (Steam cured) > 1-3 days t.< 14 days <t = 2 days
Additional Notes Aggregate stiffness
is considered

* Model does not account for the parameter

7.4.1.1 ACI 209 Prediction Model

ACI 209 is an empirical approach to calculate total free shrinkage of concrete:

=t

Esn (1) = {m} (e,

where ¢ is the age of concrete, t. is the duration of wet cure, and €, is the ultimate shrinkage.

(7-18)
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The value of ultimate shrinkage (€,) is a constant (780 W strain) for all types of concrete and
curing conditions. Ultimate shrinkage is corrected only by a humidity factor as given below in

Table 7-14:

Table 7-14. The Relationship Between Humidity Range and Correction Formula

Humidity Range Correction Formulaygry

40% < RH < 80% 1.40 — RH/100
80% < RH < 100% 3.00 — 3xRH/100

£, =780x10° X Vru

ACI formulation is based on a 7-day wet curing duration and no correction is provided for
different curing durations. Practically speaking, it is difficult to undertake long-term field curing
of concrete.

7.4.1.2 Bazant B3 Model

The Bazant B3 formulation was developed from analytical statistical evaluation (Bazant 1995).
Ultimate shrinkage has been calculated based on the type of cement, curing, water content, and

28-day standard strength:

En(t) =&,. kn. S(t) (7-19)
Ultimate shrinkage is formulated as follows:

=0 0, 26 w2 (£ +270] (in 10°)  (7-20)

Shrinkage is a function of cement type (0;), curing conditions (0;), water content (w), and 28-

day strength (f”;).

Table 7-15. Coefficientsa, and a, used in Bazant B3 M odel

ASTM C 150 type cements oy Curing coefficient oy

Type I 1 Steam cured concretes 0.75
Type 11 0.85 Water cured or RH 100 % 1.0
Type 111 1.1 Sealed specimens 1.2

The component ky, is related to the humidity of the environment, and calculated as follows:
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kn=1-h’ (7-21)

The humidity correction is made when the humidity is less than 0.98. For determining swelling

of concrete in a relative humidity of 100%, kj, is given as 0.2.

The time function of shrinkage S(t) is a function of concrete age (t), duration of wet cure (t.), and

shrinkage time coefficient (Ysn).

S(t) = tanh [ ﬂ] (7-22)

ysh
Shrinkage time coefficient Yy, is size dependent as given below:
Yan = (ks . D)? (7-23)

where D is the square of two times the volume to exposed-surface ratio as formulated below, and

ks is a cross-section shape factor. For simple members similar to slabs, ks can be assumed to be

1.
D =4 (v/s)? (7-24)

The formulation incorporates almost all factors affecting shrinkage, but is not suggested for
early-age predictions since mathematical approximation includes an intrinsic error for early ages
(Bazant 2001).

7.4.1.3 CEB-FIP 90 Model

The European Concrete Committee formulation is one of the most powerful shrinkage prediction

formulas (Shah et al. 1996). The formulation of CEB-FIP 90 is as follows:

En(t) =€y . Bru - Bs(t) (7-25)

This formulation is similar to the Bazant B3 prediction formula. It incorporates an ultimate
shrinkage (€,) and humidity coefficient (Bry) as well as a time dependent shrinkage function

Bs(t). In this formulation, ultimate shrinkage is given as follows:
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= | 160 + _Lelq,- 7-26
gu—{160 10[3“_[{9 e qu 6 (7-26)

where [ is the cement type factor and /. is the 28-day strength of concrete.

The cement type factor is established for European cement standards. It is transformed for the

ASTM designated cement types as given below:

Table 7-16. Cement Type Coefficient used in CEB-FIP 90 M odel

Type of cement Bsc
Low heat development cements 4
(Type 1I and Type V)

Rapid heat development cements 5
Type I and Type 111

Relative humidity factor is calculated as follows:

- ( RH ]3 (7-27)

B ke 100

The time dependent shrinkage function is given as follows:

0.5

-t (7-28)
h 2
0 (3.937 j +(i-te)

where ¢ is age of concrete, 7. is duration of wet cure and / is volume to exposed-surface ratio

By(1)=

dependent coefficient:
h=2v/s (7-29)

The CEB-FIP formulation is a very accurate method for predicting shrinkage, since the
formulation covers almost all factors that may affect shrinkage. The results of this formulation
are in close agreement with the Bazant B3 formulation in the long term (Mokarem et al. 2003
and Hani et al. 2003). In addition, the CEB-FIP 90 model is quite accurate for early-age
predictions of shrinkage (Hani et al. 2003).
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7.4.1.4 Gardner — Lockman Model

The Gardner —Lockman model was proposed in 2001 (Gardner et al. 2001). This prediction

model is also known as the Gardner model. Formulation is as follows:
En (1) = €, B(h) By(t) (7-30)

The ultimate shrinkage coefficient (€,) is calculated as:

g, =1000 K /—4;5 qo~° (7-31)

where K is cement type coefficient and f’. is the concrete mean compressive strength at 28-day,

(psi). Cement type coefficient (K) is given in the table below:

Table 7-17. Cement Type Coefficient used in Gardner-L ockman M odel

Type of cement K

Type I 1.00
Type II 0.70
Type 111 1.15

Other components are humidity and time coefficients and are formulated below:

h Y’ (7-32)
t—t
(D= c (7-33)
P \/(t—tc)+97 (vs)?

where /4 is relative humidity, vs is volume to exposed-surface ratio, ¢ is age of concrete, and ¢, is
duration of wet cure. Recent research on this model indicates that this formulation is useful in
estimating shrinkage of concrete containing low heat pozzolans (fly ash, slag, etc) (Mokarem et

al. 2003).
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7.4.2 Shrinkage and Cracking Relationship

Recent research done by the Virginia DOT on performance of concrete mixes tries to correlate
restraint shrinkage and free shrinkage. The concrete mixes were subjected to the same curing
conditions and they were measured for restraint and free shrinkage. After the free shrinkage
amount exceeded 200 microstrain, the probability of cracking in the restraint shrinkage sample
increased. Concrete designs were suggested to limit free shrinkage to reduce the cracking

probability (Mokarem et al. 2003).

In order to evaluate effects of curing periods on 28 days of shrinkage for a 9-inch deck concrete,
shrinkage calculations were performed as shown in Table 7-18, assuming that 28-day concrete
strength is 5000 psi with Type 1 cement and wet cured 2 days, 7 days, and 14 days. The MDOT
structural concrete design requires 7 days wet cure. In shrinkage calculations, a relative

humidity of 60 % is assumed.

Table 7-18. Predicted Shrinkagesfor Different Curing Periods

ACI 209 CEB-FIP90 Bazantp3 Cadner& - Curing

L ockman duration

(Microstrain) (Microstrain) (Microstrain) e (days)
266 32 27 45 2
234 29 26 41 7
178 23 22 33 14

Using ACI 209 as a benchmark, a free shrinkage of 266 microstrain for 2 day wet cure and 178
microstrain for 7 day wet cure can be calculated. The additional free shrinkage will generate
additional stresses due to restraints of girders and/or deck forms. This increase at an early-age is

more significant since concrete is immature and has low tensile strength.

The influence of wet curing duration on shrinkage is also shown in Figure 7-12. As seen in
Figure 7-12, the duration of wet cure reduces the early-age shrinkage without any change in
ultimate shrinkage. The reason for increase in duration of wet curing to help reducing shrinkage
cracking is because the tensile strength of concrete will develop with increased concrete
maturity; therefore, the stress developed due to shrinkage and associated restraint will not cause

cracking.
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Figure 7-12. Effectsof wet curing duration — shrinkage predicted by ACI model

7.5 CONCLUSIONS

The summaries of previous chapters — Literature Review, Multi-State Survey, and Construction
Monitoring, point towards a factor that influences early-age cracking of reinforced concrete
bridge decks. The primary cause of early-age deck cracking is identified as the volume change
due to shrinkage and thermal effects. Volume change in concrete under restraint induces tensile
stress. Early-age cracking is identified as the leading cause of other types of distress, and the

reduction or prevention of this type of cracking will improve bridge deck service life.

The analysis presented in this research demonstrated that the tensile stress due to early-age
thermal load alone can cause deck cracking. Volume change of concrete due to temperature and
shrinkage occurs simultaneously. An increase in drying shrinkage due to construction errors and
delays in wet cure can increase the tensile stresses. Drying shrinkage, beyond the very early

ages, will increase with crack widths that have formed due to thermal loads.

The time concrete reaches peak temperature during hydration depends, among other parameters,
on the volume to exposed-surface ratio and the concrete temperature at the time of placement.

Volume to exposed-surface ratio of concrete is very small for bridge decks. For small volume to
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exposed-surface ratio, the percent absorbed or dissipated heat between concrete and ambient
temperatures at the time of placement is very high. In that case, the concrete temperature at the
time of placement quickly reaches the ambient temperature. Consequently, the measured
concrete temperature before placement does not play a major role in predicting early-age
concrete properties. The ambient temperature at the time of concrete placement governs the
early-age concrete thermal properties. Based on this finding, the concrete parameters controlling
the thermal load are the cement type, content, and fineness, ambient temperature at the time of
concrete placement, and the time of inception of curing. These parameters govern the
temperature rise in bridge deck concrete during the hydration process. The temperature
difference between peak temperature within the concrete mass and the ambient temperature
establishes the thermal load on the deck. The thermal load controls the magnitude of the tensile
stress developed at the deck. The thermal load depends on the maximum temperature developed
within the concrete mass and the ambient temperature at the time of concrete achieving peak
temperature. Use of retarders in the concrete mix delays the hydration process. Use of retarders
may be an advantage or a drawback depending on the ambient temperature at the time of peak
hydration temperature. Today’s weather prediction technology can be utilized as a decision tool

in using admixtures that can refine the hydration process in order to minimize the thermal load.

Analysis performed with lower cement amounts of 4 and 6 sacks shows that this reduction will
reduce thermal load. However, the stresses developed under the reduced thermal load can still
exceed the tensile strength of concrete. Further analysis is performed to find out the
vulnerability of different girder-deck combinations to early-age bridge deck cracking due to
volume change. When standard mix design (grade D) is used, the PCI girder-deck combination
has the lowest potential for deck cracking, while the steel girder-deck combination has the
highest. Further, increased girder spacing reduces the stress developed at the deck-girder

interface due to volume change loads.
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8 SUMMARY & CONCLUSIONS

81 SUMMARY

The need for this research was based on the observed deck deterioration mechanism that is
accelerated by the presence of cracks. The primary objective of this research was to identify the
major parameters influencing the cracking of the reinforced concrete (RC) deck. The second
objective was to state recommendations to manage these parameters that are within the control of
the bridge designer, the materials engineer, the contractor, and/or the maintenance engineer in
order to maximize deck life. The project tasks consisted of literature review, nationwide survey
on the subject of RC deck cracking, field inspection and data collection of existing RC bridge
decks that were replaced within the last five years, monitoring the construction of new decks,
laboratory and field testing of concrete samples, and establishing the parameters influencing

deck cracking.

8.2 CONCLUSIONS

The results of this research first of all confirmed the observations of the Michigan Department of
Transportation engineers that the deck cracks become visible within the first few months of
construction. This research established the mechanism by which these cracks form as thermal
stresses that develop during the cement hydration process and, in most cases, during the first 12
to 24 hours upon concrete placement. The research recommendations focused on the means of
reducing the thermal stresses in order to control deck cracking by development of a project
specific concrete mix design that accounts not only for the current ambient temperature but also
incorporates the temperature predictions during the next 12 to 24 hours. Thermal effects and its
adverse impact are already recognized and certain requirements of current practice like the night
placement during summer months are useful practices and should be continued. Naturally, these
recommendations will only be effective by full compliance with the Michigan Department of
Transportation — Standard Specifications for Construction, especially the requirements related to

curing.

A nationwide survey conducted in this research revealed that, transverse cracking is the most
prevalent type of cracking observed on the deck. Most of the responding State DOTs

emphasized changing the mix design in order to reduce cracking. Of the respondent states, 45%
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have been using fly ash and 29% GGBS in their mix design. The most popular type of chemical
admixture among the responding State DOTs is air entrainment, which is similar to Michigan’s
practice. The predominant causes of early-age deck cracking identified by the responding states

in the order of significance are as substandard curing, construction practices, and mix design.

The field inspection data generated in this research showed that most bridge decks are cracked.
In most cases, the crack widths and density are high enough to dramatically increase the ingress
of the aggressive agents into the deck interior, initiate deterioration, and reduce its service life.
However, the field inspection data could not identify any operational and design parameters that
influence RC deck cracking. These parameters included average daily truck traffic (ADTT)
volume, span type (simple or continuous), span length, structure type (steel or prestressed

concrete beams), deck thickness, and skew angle.

During the monitoring of construction of decks, it was observed that the Michigan Department of
Transportation — Standard Specifications for Construction are often not adhered to. The
observed violations that significantly impact the cracking potential of the deck are, in the order
of frequency of violation: delays in the start of the wet curing process, lack of sufficient
moisture in the burlap during the curing process, and delays in application of the curing

compound.

Concrete placement near the construction or expansion joint boundaries was observed to be quite
problematic. During the floating process excess concrete overflows the joints, loses its plasticity
and is scraped off and thrown in with the deck concrete near the joint. This creates a substandard
concrete quality near the joint, which is where deterioration often starts. Continuous concrete
placement without construction and expansion joints should be investigated. Joints can be

opened by saw cutting upon concrete hardening.

The testing of the concrete samples prepared during the monitoring of the deck construction
showed that the concrete properties are approaching high strength with rapid early strength gain.
This is a concern because these mixtures generate higher heat of hydration, and increased drying
shrinkage. The 28-day concrete strength was measured to be in excess of 6,000 psi, which is
considered to be high-strength concrete, and needs to comply with special construction and

curing procedures.
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It is recommended that the following steps be taken based on these findings:

1.

Education of project consultants to ensure the enforcement of the current Michigan
Department of Transportation — Standard Specifications for Construction related to RC
bridge deck placement. Portions of the Michigan Department of Transportation —
Standard Specifications for Construction related to concrete placement, finishing, and
curing may be reorganized as describing the requirements in an order starting from the
most significant to least significant in terms of its impact on the quality of the hardened

concrete.

Implementation of measures to control thermal stresses and shrinkage stresses in RC
decks. These measures should be decided based upon a comprehensive review of all
benefits and drawbacks. The measures should include the reduction and/or substitution
of cement with mineral admixtures; re-grading coarse aggregates for reducing mortar
volume; and use of current and forecast weather data in optimizing the mix design and
placement time. Also, limitations to set-retarding chemical admixtures need to be

established so that wet curing can practically be initiated before build-up of thermal load.

A further inspection study to cover a large number of existing decks to identify the
relative importance of operational parameters influencing deck cracking. This study

should use a sample on the order of hundreds to cover the entire state.
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9 SUGGESTIONSFOR FUTURE RESEARCH

There are two major recommendations for research that should follow this study. The first
recommendation is to undertake an immediate project to develop mix parameters optimized for
the reduction of thermal and shrinkage loads. This new study should also include the
development of tools that will utilize the current and forecasted climatic data, as well as cement

and aggregate properties in order to determine an optimized, project-specific mix design.

The field inspection of twenty bridges could not provide sufficient data to understand the
relationship between crack density and bridge skew, span length, and ADTT. It is suggested that
a continuation research project be undertaken to investigate these parameters on a much larger

sample space, as many as 100 bridge decks.
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